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ABSTRACT
MORPHOLOGICAL AND PHYSIOLOGICAL EXAMINATION OF A 
DEMYELINATING AND REMYELINATING LESION
Paul Anson Felts 
Eastern Virginia Medical School 
and
Old Dominion University, 1990 
Director: Kenneth J. Smith, Ph.D.
Multiple sclerosis causes demyelination of central nerve 
fibers, and it is this pathology which results in most of 
the symptoms of the disease. The repair of the fibers by 
remyelination has been advanced as a potential symptomatic 
therapy, but at present the conduction properties of 
remyelinated central fibers are not well understood. In 
this study the conduction properties of Schwannian or 
oligodendrocyte remyelinated central nerve fibers have been 
determined. In addition, the status of the blood-brain 
barrier has been examined in lesions characterized by 
Schwann cell remyelination. These lesions chronically lack 
astrocytes, a cell believed to be involved in the induction 
of barrier properties.
Large focal demyelinating and remyelinating lesions 
were induced in the rat dorsal column by the intraspinal 
injection of ethidium bromide, either alone or in 
conjunction with 40Gy of beta irradiation. The 
electrophysiological properties of the lesion were 
correlated with its morphological appearance at different 
stages of lesion development, using both acutely prepared
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animals, and animals with chronically implanted stimulating 
and recording electrodes. Blood-brain barrier function was 
assessed by injecting horseradish peroxidase (HRP) 
intravenously and examining the lesion for extravasated HRP. 
During the period of demyelination the conducting fibers 
showed prolonged refractory periods of transmission (RPT) 
and an inability to conduct trains of impulses at high 
frequency, although conduction in most fibers was blocked. 
Conduction was restored to some demyelinated fibers by a 
reduction in body temperature, but not by the administra­
tion of potassium channel blocking agents. Remyelination by 
either Schwann cells or oligodendrocytes was accompanied by 
the restoration of near normal conduction properties in 
virtually all of the affected fibers, as measured by the 
RPT, and the ability of the fibers to conduct trains of 
impulses at physiological frequencies. The blood-brain 
barrier was disrupted during the period of demyelination, 
and was not reformed even after the complete remyelination 
of the lesion by Schwann cells.
We conclude 1) that the induction of remyelination of 
central demyelinated nerve fibers by either Schwann cells 
or by oligodendrocytes should be effective in promoting the 
restoration of normal function, and 2) that Schwann cells 
are not effective in inducing the reformation of an intact 
blood brain barrier.
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INTRODUCTION
CONDUCTION IN MAMMALIAN MYELINATED AXONS:
The membrane of many axons is almost entirely 
ensheathed by a spiral wrapping of compacted cell membrane, 
called myelin, which increases the effective membrane 
resistance and decreases the membrane capacitance (Huxley 
and Stampfli 1949; Tasaki 1955). Myelin is produced and 
maintained by oligodendrocytes in the central nervous system 
(CNS) and by Schwann cells in the peripheral nervous system 
(PNS). The myelin sheath is broken at intervals by gaps, 
termed nodes of Ranvier (Ranvier 1871) (referred to simply 
as nodes in the remainder of this paper), and ion flow 
across the membrane is largely confined to the nodal 
axolemma. As a result, current flowing into the axon at one 
node acts at a distance to depolarize the next node, rather 
than leaking out of the axon through the adjacent axolemma 
(Huxley and Stampfli 1949). This pattern of current flow 
has been termed saltatory conduction, and, as first 
predicted by Lillie (1925), it leads to an increase in 
conduction velocity in myelinated fibers (Hursh 1939). As 
described below, the properties of the nodal and internodal 
(i.e. that portion normally under the myelin) axolemma have 
been found to be different.
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ION CHANNEL DISTRIBUTION IN NORMAL MAMMALIAN MYELINATED 
AXONS:
Only two ions, sodium and potassium, are involved to 
any appreciable extent in the formation of the action 
potential in axons (Hodgkin and Huxley 1952), and this 
discussion will consequently be limited to the channels 
specific for these ions.
Sodium Channels:
The density of sodium channels at the node as measured 
by binding of saxitoxin (a neurotoxin produced by 
dinoflagellates which binds specifically, and with high 
affinity, to the sodium channel) has been estimated at about 
12,OOO/um2 (Ritchie and Rogart 1977), but more direct 
electrophysiological measures have provided a nodal density 
in the range of 1000-2000/um2 (Conti et al. 1976; Chiu 
1980). This figure is in reasonably good agreement with the 
density of large E-face intramembranous particles in freeze- 
fracture replicas (Kristol et al. 1978; Black et al. 1982) 
which are believed to correspond to sodium channels 
(Rosenbluth 1976). The discrepancy in the values provided 
by the chemical, electrophysiological and morphological 
techniques has been attributed to several factors, 
including: the examination of fibers of all sizes in binding 
studies whereas other methods typically examine only the 
largest fibers; a lack of accurate values for nodal area; 
and the inclusion of nonneuronal cells (e.g. Schwann cells)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in the binding experiments. Schwann cells have been shown 
to express sodium channels (Chiu gt al. 1987; Ritchie 1982).
In contrast to the node, the internodal membrane has 
been found to have relatively low sodium channel density. 
Ritchie and Rogart (1977), using saxitoxin binding methods, 
estimated that internodal sodium channel density had to be 
less than 25/um2, which is consistent with freeze-fracture 
studies in which putative sodium channel associated 
particles were found to be present at a density of about 
4/um2 (Kristol et al. 1978). In addition, voltage-clamped 
myelinated fibers exhibited no substantial change in sodium 
current with acute removal of the myelin, indicating that 
few additional channels were exposed by this procedure (Chiu 
and Ritchie 1980; Chiu and Ritchie 1981). Thus it seems 
that sodium channels are normally in high concentration at 
the nodes, but are scarce in the internode.
Potassium Channels;
Voltage-clamp studies of vertebrate myelinated fibers 
were first performed on amphibians, which have voltage 
sensitive potassium currents at the node (Frankenhaeuser 
1962; 1963), and it was initially supposed that mammalian 
nodes would also have these currents. However, examination 
of mammalian fibers revealed few (Binah and Palti 1981; 
Brismar 1982; Baker et al. 1987) or virtually no (Chiu et 
al. 1979; Chiu and Ritchie 1980; Smith and Schauf 1981b;
Chiu and Ritchie 1981) potassium channels at the node
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sensitive to potassium channel blocking agents (e.g. 
tetraethylammonium ion (TEA) (Tasaki and Hagiwara 1957) or 
4-aminopyridine (4-AP) (Pelhate and Pichon 1974)). These 
studies did, however, demonstrate the presence of a leakage 
current, and it is this current which has been postulated to 
be responsible for repolarization of the axon following an 
action potential (Chiu e£ al. 1979). Acute loosening of the 
paranodal folds, or disruption of the myelin sheath resulted 
in a sudden unmasking of a large voltage and TEA sensitive 
current (Chiu and Ritchie 1980; Chiu and Ritchie 1981; Smith 
and Schauf 1981a; 1981b), indicating that voltage gated 
potassium channels are present in greater numbers in the 
internode.
Whereas the above voltage clamp studies concentrated on 
nodal currents, a recent investigation by Baker et al.
(1987) used techniques which examined potential changes due 
to current flow in both nodal and internodal portions of rat 
peripheral axons. They concluded that four types of 
potassium channels were present, three which were voltage 
sensitive and one of which was voltage insensitive. The 
types of voltage sensitive channels were a fast outward 
rectifier, a slow outward rectifier and an inward, or 
anomalous, rectifier. The fast outward rectifier was found 
to be blocked by 4-AP, and current flow changes following 4- 
AP application were consistent with the presence of small 
numbers of these channels at the node. Computer simulation 
indicated that the density of these channels were similar in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the nodal and internodal membrane (Bostock 1989) but since 
the area of the internodal membrane is much greater than 
that at the node, the large majority of these channels are 
normally covered by myelin. The slow outward rectifying 
channels were blocked by TEA, and were also found in both 
internodal and nodal axolemma. The outward rectifier was 
located only in the internode. The voltage insensitive 
channel was termed the leakage channel, and computer 
simulations indicate that this channel is only located in 
the internodal membrane (Bostock 1989).
In summary, the substantial body of evidence from nodal 
voltage clamp studies has shown that the contribution of 
nodal voltage gated potassium channels to repolarization 
following the action potential is small (Ritchie 1986). 
Furthermore, although the contribution of the internodal 
potassium channels continues to be investigated, it has been 
suggested that rectification following the action potential 
is actually accomplished by current flow in the internode 
(Barrett and Barrett 1982).
While the precise role of potassium channels in 
conduction remains unclear at this time, it is certain that 
a large proportion of these channels are normally covered by 
myelin. Thus it is apparent that demyelination will not 
only dramatically alter the cable properties of the fiber, 
but also the numbers and types of exposed ion channels.
These alterations can be expected to cause substantial 
changes in the conduction properties of the fiber. In fact
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the symptomatology of several disorders is believed to arise 
as a direct result of changes in conduction properties 
following demyelination; and one of these, multiple 
sclerosis (MS), will be discussed further.
A BRIEF OVERVIEW OF MULTIPLE SCLEROSIS, A HUMAN 
DEMYELINATING DISORDER:
Several human disorders are characterized by loss of 
the myelin sheath from around myelinated CNS axons, 
including acute disseminated encephalomyelitis, subacute 
sclerosing panencephalitis, and progressive multifocal 
leucoencephalopathy, but the most common such disorder is MS 
(see Cuzner et al. 1981). MS is characterized by multiple 
plagues of demyelination in the white matter of the CNS and, 
despite the relative sparing of axons, the ensuing 
conduction deficits result in symptoms including 
paresthesia, sensory deficits, and paralysis (Charcot 1877; 
McDonald and Halliday 1977). Remissions from the symptoms 
are common in MS (Birley and Dudgeon 1921), and in the most 
common form of the disease there is a gradual progression of 
symptom severity (Cadwalader and McConnell 1921).
MS is considered a central disorder, and the extent of 
peripheral involvement is uncertain. Unique case histories 
of patients with both MS and peripheral neuropathy, do exist 
(Drake 1987; Ro et al. 1983), but their relatedness to MS is 
unknown. In addition, PNS abnormalities which affect a 
greater proportion of MS patients have been reported,
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including a slight increase in relative refractory period 
(Hopf and Eysholdt 1978), and a slight thinning of myelin 
sheaths (Pollock al. 1977), but the contribution of these 
factors to symptom production is likely to be small. These 
abnormalities may also be secondary to the disease, for 
example as a result of malnutrition (Poser 1987). Loss of 
significant peripheral myelin is not considered to be a 
common feature of MS.
MS patients commonly display increased severity of 
symptoms with increasing body temperature, and, indeed, one 
observation formerly used in the diagnosis of the disease is 
the hot bath test. In this procedure the patient's symptoms 
are assessed following immersion in hot water (Simons 1937): 
an increase in severity is taken as an indication of central 
demyelinating disease. The mechanism of the increased 
symptom severity at higher body temperatures is believed to 
be linked to the kinetics of the sodium channel. As the 
axon is warmed, the sodium channel exhibits a more rapid 
activation and inactivation, resulting in a net decrease in 
the current flow across the membrane. In a population of 
fibers with a safety factor for conduction near one, this 
decrease in inward current may well be sufficient to cause 
conduction block in many fibers (Schauf and Davis 1974). 
However, actual changes in conduction in central 
demyelinated fibers with alterations in body temperature 
have not previously been demonstrated.
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Demyelination in MS is likely to result in at least 
temporary conduction deficits. Upon the loss of myelin, 
conduction will be hampered by a loss of current across the 
axolemma in the region adjacent to the last myelinated 
internode, due both to a decrease in membrane resistance and 
an increase in membrane capacitance (Rasminsky and Sears 
1972). In addition, the low density of sodium channels 
present (vide supra) means that the newly exposed internodal 
axolemma is relatively inexcitable. The circumstances under 
which demyelinated CNS axons may conduct, or, indeed, if 
they can conduct at all, remain uncertain.
Oligodendrocyte hyperplasia has been described at the 
periphery of the MS plaque in chronically active lesions 
(Raine et al. 1988), as well as throughout a plaque which 
displayed areas indicative of both recent and chronic 
demyelination (Raine et al. 1981). The centers of quiescent 
chronic lesions have, however, been reported to contain 
relatively few glial cells (Perier and Gregoire 1965). Thus 
the population of oligodendrocytes within the MS lesion 
apparently is quite variable, and may depend on the state 
(active vs quiescent) of the lesion. In the past it was 
thought that only small amounts of remyelination occur in MS 
(Prineas and Connell 1979) however recent reports indicate 
that substantial remyelination can occur, particularly in 
cases observed between 3 and 10 months after disease onset 
(Prineas gt al. 1987a). However these regions of 
remyelination are subject to subsequent demyelination
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(Prineas gt al. 1987b), leading to a decrease in the 
percentage of plagues exhibiting extensive remyelination in 
longer term lesions. The majority of remyelinated axons are 
surrounded by central-type myelin, and are found at the 
periphery of MS plagues (Prineas and Connell 1979; Ghatak et 
al. 1989). The presence of remyelination does, however, 
establish that this form of repair is possible in this 
disorder.
Remissions in MS are believed to be largely due to 
factors other than remyelination (Waxman 1987), including a 
decrease in edema or other changes in the external 
environment of the demyelinated fibers (Schauf and Davis 
1974), utilization of alternate pathways (McDonald 1978), 
and development of continuous conduction in the demyelinated 
axons (McKhann 1982). It has been suggested that the 
promotion of remyelination of demyelinated CNS axons may 
lead to symptom improvement (Feigin and Popoff 1966), 
although the conduction properties of remyelinated fibers in 
MS have not been examined.
Axons in MS plagues can also be remyelinated by 
peripheral myelinating cells, the Schwann cells. Early 
investigators reported only very limited numbers of Schwann 
cell remyelinated fibers in MS plagues (Feigin and Popoff 
1966), however later reports indicated the presence of 
thousands of fibers remyelinated by peripheral type myelin 
(Itoyama et al. 1983). This remyelination, which has not 
been reported to occur rostral to the spinal cord, is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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apparently greatest in large spinal cord lesions in the 
vicinity of dorsal or ventral roots (Ghatak e£ al. 1973; 
Itoyama et al. 1983), and has even been reported in regions 
in which active myelin breakdown was occurring (Itoyama et 
al. 1983). Racial differences in the degree of 
remyelination by Schwann cells have also been reported, with 
remyelination being more extensive in Japanese MS patients 
than in other races (Itoyama et al. 1985). It has been 
suggested that promoting the remyelination of central axons 
by Schwann cells may provide an effective treatment for 
demyelinating diseases of the CNS (Feigin and Popoff 1966), 
but it is currently not known if Schwann cell remyelinated 
central fibers conduct securely enough to be useful in the 
restoration of function. A major aim of this dissertation 
is to examine the conduction properties of Schwannian 
remyelinated central fibres.
ION CHANNEL DISTRIBUTION IN CHRONICALLY DEMYELINATED AXONS: 
Techniques to remove or loosen the myelin sheath 
acutely in experimental preparations have demonstrated that 
sodium channels are uncommon under the myelin, while 
potassium channels are abundant (vide supra). The 
redistribution of potassium channels following demyelination 
has not been reported, however several studies have provided 
evidence for an alteration in the distribution of sodium 
channels. Indirect evidence for the eventual appearance of 
sodium channels in the internode comes from studies
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
demonstrating generation of action potentials in this 
region, either continuously along the demyelinated internode 
(Bostock and Sears 1976; Bostock and Sears 1978), or at new 
focal regions of current flow (Bostock gt al. 1980; Smith et 
al. 1982a). Saxitoxin binding studies have indicated that 
the increase in the area of excitable axolemma is not 
accompanied by an increase in the total number of sodium 
channels present (Ritchie et al. 1981), and is therefore 
probably chiefly due to channel redistribution. However, 
this lack of change may also reflect changes in non-neuronal 
populations which, as previously mentioned (vide supra), are 
included in these measurements.
Evidence for alterations in sodium channel distribution 
also come from morphological changes which are believed to 
be associated with sodium channels. Regions of subaxolemmal 
density or of ferric ion-ferrocyanide staining, which are 
normally found in regions of especial electrical 
excitability (Quick and Waxman 1977), have been found along 
the demyelinated axon, either focally (Blakemore and Smith 
1983), or continuously along the axolemma (Coria et al.
1984; 1985). Freeze-fracture replicas of demyelinated 
fibers have also shown regions of both homogeneous, low 
density (approximately 100/um2) intramembranous E-face 
particles, and discrete foci of high densities of particles. 
These latter were found in regions of association between 
the demyelinated axon and glial cells (Rosenbluth and 
Blakemore 1984). The homogeneous distribution is in good
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agreement with particle densities reported for both normal 
internode (Rosenbluth 1983), and the axolemma of 
unmyelinated axons (Black and Waxman 1988). Also, the foci 
of increased density are in the range found in the normal 
nodal membrane (Rosenbluth et al. 1985). The appearance of 
these focal regions associated with increased sodium channel 
density suggests that sodium channels are redistributed 
following demyelination, however direct proof, for example 
by labelling with an antibody specific for the sodium 
channel, has yet to be provided.
Electrophysiological studies have shown that 
application of a potassium channel blocking agent increases 
conduction in demyelinated nerves (Bostock et al. 1978;
1981; Targ and Kocsis 1985; 1986), broadens the action 
potential recorded in single, demyelinated, fibers (Sherratt 
et al. 1980), and abolishes a late outward current in 
demyelinated fibers exhibiting continuous conduction 
(Bostock et al. 1981). These studies provide evidence for 
the presence of potassium channels in the demyelinated 
axolemma, as well as demonstrating the potential usefulness 
of potassium channel blockers in increasing conduction in 
demyelinated fibers. All of the above effects are 
consistent with an unmasking of potassium channels normally 
sequestered under the paranodal and internodal myelin. The 
lack of high affinity markers or morphological correlates 
for potassium channels, has hampered efforts to determine if
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the distribution of this channel changes following 
demyelination.
CONDUCTION IN DEMYELINATED LESIONS OF THE MAMMALIAN CENTRAL 
NERVOUS SYSTEM IN EXPERIMENTAL ANIMALS:
Conduction through regions of central demyelination has 
been examined by several investigators. McDonald and Sears 
(1969; 1970a; 1970b) examined conduction through a large 
demyelinating lesion induced in the dorsal column of cats by 
the direct intraspinal injection of diphtheria toxin. They 
found that conduction was blocked at the lesion, and that a 
positivity could be recorded at this site, which they 
attributed to an outflow of current from the demyelinated 
axons. The dorsal column axons rostral to the region of 
demyelination were still able to conduct, demonstrating that 
the loss of conduction at the lesion was not caused by 
degeneration in the ascending fibers. These investigators 
however, were not able to discount the possibility that the 
diphtheria toxin also had a direct action on the axons. In 
smaller lesions, recording from single filaments, they 
report that conduction did occur through the lesion, but 
with a prolonged refractory period of transmission (vide 
infra), decreased conduction velocity, and reduced ability 
to follow high frequency stimuli. For each of these 
parameters, fibers falling in the normal range were also 
observed, indicating that a variety of fiber states were 
sampled. It is possible then that fibers exhibiting
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pathological conduction properties were not segmentally 
demyelinated, but were on the fringes of the lesion and 
experienced either nodal widening, or even merely a change 
in their extracellular environment due to the nearby lesion.
Mayer (1971) examined conduction through a region of 
demyelination induced by the repeated withdrawal and 
injection of cerebrospinal fluid (CSF barbotage; Bunge and 
Settlage 1957) in the cat. He found that response amplitude 
through the lesion was reduced, suggesting a degree of 
conduction block. In addition, fibers conducting with 
prolonged latencies were also observed. However, the use of 
orthodromically conducted action potentials prevented 
discrimination between conduction block due to 
demyelination, and conduction block due to degeneration 
rostral to the lesion. In addition, the lesions in this 
study were variable in size and apparently did not include 
the entire dorsal column making a correlation between axonal 
morphology and conduction properties impossible.
Smith and McDonald (1980; 1982b) found that fibers 
passing through a demyelinating lesion in the cat dorsal 
column induced by lysophosphatidyl choline (LPC, a compound 
with detergent properties) exhibited both ectopic impulse 
generation and mechanosensitivity. The conduction of 
ectopic impulses away from the lesion, in both directions, 
provides evidence for conduction in the lesioned CNS fibers, 
but it is not certain that the particular fibers were 
segmentally demyelinated.
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Kaji gt al. (1988) produced demyelinated lesions In the 
rat dorsal column by injecting quite large quantities (20- 
30ul) of galactocerebroside (a myelin component) anti-serum, 
in combination with guinea pig serum to provide a source of 
complement. They recorded somatosensory evoked potentials 
(SEP) at several points in the CNS in response to electrical 
stimulation of the tibial nerve. The amplitude of the 
cortical SEP was reduced, and a rate-dependent block and 
increased latency was observed in the SEP recorded at the 
second thoracic vertebrae. However, the interpretation of 
these results is hampered by the fact that the changes were 
not observed in all lesioned animals, and there was a lack 
of correlation between the electrophysiological and 
histological findings. Orthodromic conduction was examined, 
therefore the contribution to the electrophysiological 
findings from axonal degeneration is unknown (vide supra).
A recent report which has implications for conduction 
in demyelinated CNS fibers shows that, at least in the 
neonate, a low density of sodium channels may be sufficient 
to allow conduction of action potentials in the CNS. Waxman 
et al. (1989) found that action potentials were propagated 
in premyelinated neonatal rat optic nerves, in which 
saxitoxin binding indicated a sodium channel density of only 
approximately 2/um2. This number is in reasonable agreement 
with the density of sodium channels found in the normal CNS 
internode, and the authors suggest that an incorporation of 
additional channels may not be required for conduction in
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demyelinated fibers. It should be noted that substantial 
differences may exist in the conduction properties of the 
small neonatal fibers observed in this study, and mature 
demyelinated fibers.
Previous studies have not provided a good correlation 
between the morphology and the conduction properties of the 
fibers. Thus to date there has been no unambiguous 
demonstration of conduction in demyelinated fibers. The 
present study examined conduction in fibers passing through 
a region of demyelination. Using maps detailing the 
location of dorsal root fibers in the dorsal column (Smith 
and Bennett 1987), this study attempted to determine if 
fibers which unequivocally passed through a region of 
demyelination were capable of conduction.
CONDUCTION IN DEMYELINATED LESIONS OF THE MAMMALIAN 
PERIPHERAL NERVOUS SYSTEM IN EXPERIMENTAL ANIMALS:
In comparison with the CNS, it is relatively easy to 
examine conduction in peripheral nerves, and consequently 
many studies have investigated conduction in peripheral 
demyelinated fibers. A brief review of these studies will 
be included here, however the applicability of findings in 
the PNS to the CNS is unknown. Several authors, utilizing 
standard extracellular, whole nerve recording techniques, 
have reported decreased conduction velocities and/or a 
reduction of the amplitude of the compound action potential 
(CAP) in regions of the PNS associated with demyelination.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 7
Methods utilized to produce demyelination include: 
experimental allergic neuritis (Cragg and Thomas 1964; Hall 
1967), diphtheritic polyneuritis (McDonald 1963; Morgan- 
Hughes 1968), and intraneural injection of 
antigalactocerebroside serum (Sumner efc al. 1982) or LPC 
(Smith and Hall 1980; Sedal et al. 1983). Demyelinated PNS 
fibers have also been shown to be unable to transmit the 
second of two closely spaced impulses (Smith and Hall 1980), 
or to follow repetitive stimuli as low as 10Hz (Davis 1972). 
Conduction block resulting from intermittent high frequency 
firing has been shown to be due to membrane 
hyperpolarization probably resulting from activation of an 
electrogenic pump as a result of raised intra-axonal sodium 
concentration (Bostock and Grafe 1985). In addition, 
demyelinated fibers are more susceptible to block from 
increasing temperature (Davis and Jacobson 1971; Rasminsky 
1973; Davis et al. 1975; Bostock et al. 1978) (in some cases 
at temperatures within the normal physiological range), and 
this has been attributed to a decrease in action potential 
duration resulting from an increase in ion channel kinetics 
(Schauf and Davis 1974; Davis et al. 1975).
Longitudinal current analysis (i.e. analysis of the 
action currents flowing along the outside of active fibers) 
(Huxley and Stampfli 1949), has allowed examination of 
single undissected nerve fibers in spinal roots or nerves. 
Rasminsky and Sears (1972) examined single fibers in rat 
ventral roots 12-23 days after intrathecal injection of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 8
diphtheria toxin and found that conduction was characterized 
by focal regions of high transmembrane current. However 
they were not able to determine if the fibers were devoid of 
myelin and so the focal regions could have represented 
paranodally demyelinated fibers. They also found that the 
second of two closely spaced impulses resulted in the 
generation of a decreased current in both demyelinated and 
normal fibers. They concluded that rate dependent block was 
the result of conduction failure in fibers with a safety 
factor just above one at low frequencies of conduction. In 
addition, they concluded that the decreased conduction 
velocity in demyelinated fibers resulted from increased 
internodal conduction times rather than the development of 
continuous conduction along the axolemma. However, using an 
improved technique which allowed increased spatial 
resolution, Bostock and Sears (1976; 1978) did demonstrate 
regions of continuous conduction of up to 1.8mm in length, 
in ventral root fibers 6-17 days after intrathecal injection 
of diphtheria toxin. Using similar recording techniques, 
Bostock et al. (1980), and Smith et al. (1982a), showed that 
foci of high transmembrane current (which they termed phi- 
nodes), with less than normal internodal length, develop 4 
days after injection of LPC into rat ventral roots. Fibers 
were demyelinated at this time, and thus they concluded that 
saltatory conduction preceded remyelination in this model.
Unfortunately, in some studies there is inadequate 
information concerning the morphology of the lesions in
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which the physiological properties have been determined, and 
this makes interpretation difficult. The exception is the 
study by Smith al* (1982a), where examination of serial 
sections of some lesions showed that no remyelinated fibers 
were present at a time when saltatory conduction was 
occurring, establishing that this conduction occurred in 
demyelinated fibers. The mixed and/or incomplete nature of 
the lesions examined in the other studies discussed above, 
however, make it impossible to correlate either blocked 
fibers, or fibers conducting with pathological properties, 
with any particular morphology.
CONDUCTION IN LESIONS OF THE MAMMALIAN CENTRAL NERVOUS 
SYSTEM FOLLOWING REMYELINATION:
Remyelination of demyelinated CNS axons has been well 
established for many years, in both experimental models 
(Bunge et al. 1961), and in the human demyelinating disorder 
MS (Prineas and Connell 1979). In each case both central 
and peripheral myelinating cells can remyelinate the 
demyelinated central axons (McDonald 1974). Remyelination 
is often extensive in experimental demyelinating lesions 
(Hall and Gregson 1971; Blakemore 1975; 1976; 1982;
Blakemore et al. 1977), and extensive remyelination has 
recently been reported in MS lesions (Prineas et al. 1987a), 
although this remyelination is apparently transient due to 
subsequent demyelination (Prineas al. 1987b). This 
subsequent loss of myelin from remyelinated fibers may
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account for reports of limited remyelination in MS plagues 
in other studies (Feigin and Popoff 1966; Prineas and 
Connell 1979). Since the dominant symptoms of multiple 
sclerosis likely arise directly from the conduction deficits 
caused by the demyelination, a potential symptomatic therapy 
in the disease may be to induce remyelination of the 
demyelinated lesions. However, for such a therapy to be 
effective the remyelinated axons would not only need to 
conduct, but they would also need to be capable of 
transmitting trains of action potentials at physiological 
frequencies.
Several studies have examined conduction in 
remyelinated central fibers. The study by Mayer (1971) 
examined barbotage lesions of the cat at time periods at 
which histology showed the presence of many fibers 
surrounded by unusually thin myelin sheaths. He found 
normal conduction velocities in dorsal column fibers at 
times greater than 32 weeks post lesion induction, and 
interpreted this appearance to be the result of 
remyelination by central myelinating cells. However, the 
lesions did not involve the entire dorsal column and there 
is no direct evidence that the fibers which were conducting 
at this time were also those which exhibited the thin myelin 
sheaths.
Two studies have previously examined the role of 
Schwann cell remyelination in restoring conduction to 
demyelinated central fibers. Using serial recordings,
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Smith, Blakemore, and McDonald (1979? 1981) found that 
secure conduction was restored through an LPC-induced 
demyelinated central lesion following remyelination by a 
mixture of oligodendrocytes and Schwann cells. Based on the 
amplitude of the CAP the number of fibers conducting after 
remyelination was lower than the number conducting before 
the lesion was induced. The authors attributed this 
diminution to a loss of axons due to Wallerian degeneration, 
but it is also possible that either the Schwann cell or 
oligodendrocyte remyelinated population failed to conduct. 
Certainly, it was not possible to distinguish the Schwannian 
and oligodendrocyte remyelinated fibers with respect to any 
differential ability to conduct trains of impulses, or to 
conduct closely spaced pairs of impulses. Another report, 
which claimed specifically to examine the ability of 
Schwannian remyelinated central fibers to conduct single 
impulses appeared during the preparation of this manuscript. 
Blight and Young (1989) found that cortical somatosensory 
evoked potentials (CSEP) to tibial nerve stimulation could 
be recorded in cats beginning three weeks after a contusive 
injury of the spinal cord. This lesion resulted in 
demyelination in many fibers as well as substantial axonal 
loss, and at the termination of the experiment, spinal cords 
were characterized by predominantly oligodendrocyte or 
Schwann cell remyelination. In 3 animals, CSEPs were 
recorded where all the surviving axons in the dorsal column 
were remyelinated by Schwann cells, but in the ventral
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columns of these animals the surviving axons were 
remyelinated by oligodendrocytes. In one of the four 
animals with complete Schwann cell remyelination of all 
surviving axons in an entire transection of the spinal cord, 
a CSEP was also recorded, indicating that Schwann cell 
remyelinated central axons are capable of conducting single 
impulses. CSEPs in animals which exhibited extensive 
Schwannian remyelination when perfused at 3 months post­
injury reached full amplitude by 3 weeks, however no animals 
were examined at this time to determine the extent of 
Schwann cell remyelination. This study did not examine the 
ability of fibers to function at physiological frequencies, 
and it did not determine the security of conduction in the 
remyelinated fibers. Most importantly, the authors did not 
address the possibility that unmyelinated fibers or fibers 
which remained demyelinated through the lesion may have 
contributed to the observed effects.
The present study examined the conduction properties of 
fibers passing through a CNS region of either predominantly 
Schwann cell remyelination, or oligodendrocyte 
remyelination. Maps detailing the location of dorsal root 
fibers in the dorsal column (Smith and Bennett 1987), as 
well as the segregation of oligodendrocyte and Schwann cell 
remyelination within the lesion, allowed a more definitive 
correlation of conduction properties and morphology than has 
previously been possible.
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CONDUCTION IN THE MAMMALIAN PERIPHERAL NERVOUS SYSTEM 
FOLLOWING REMYELINATION:
Conduction in remyelinated fibers in the PNS has been 
more extensively studied, possibly due to the greater ease 
of examining such fibers. However many of the studies have 
utilized lesions which included both remyelinated and 
demyelinated fibers, and so their findings are inevitably 
more difficult to interpret. Three studies have however, 
examined long term LPC lesions in which remyelination was 
apparently stable, and the discussion here will be limited 
to these reports. Two of the reports found established 
Schwannian remyelinated fibers to have conduction which was 
indistinguishable from normal nerve using standard 
extracellular techniques (Smith and Hall 1980; Sedal et al. 
1983). However, the more detailed description possible with 
longitudinal current analysis revealed that the velocity of 
conduction through the site of remyelination was slightly 
reduced: although the internodal conduction time was 
shortened, the replacement of a single normal internode with 
several short internodes meant that there was an overall 
decrease in velocity (Smith et al. 1982a).
Again, it should be noted that any extrapolation of 
these findings to conduction in remyelinated CNS fibers must 
be made with caution, since several differences exist 
between the two systems (e.g. the type of myelinating cell 
and the presence or absence of astrocytes).
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THE EFFECT OF ACTION POTENTIAL PROLONGATION ON CONDUCTION IN 
DEMYELINATED FIBERS:
Improvements in the symptomatology of MS following a 
reduction in body temperature have indicated that some 
factors may acutely improve conduction in demyelinated 
fibers. Theoretical models of demyelinated axons indicate 
that this increased conduction is the result of an increase 
in inward current during the action potential as a result of 
decreased sodium and potassium channel kinetics (Schauf and 
Davis 1974). Decreased channel kinetics result in a 
prolonged action potential, and several studies have 
examined the effect of action potential prolongation on 
conduction through regions of demyelination.
Bostock et al. (1978) showed that conduction in some 
demyelinated PNS fibers was restored by treatment with a 
scorpion toxin which delayed inactivation of sodium 
channels. Unfortunately, the agent used was too toxic to be 
a useful therapeutic agent, but this study clearly 
demonstrated the efficacy of action potential prolongation 
in restoring conduction in demyelinated fibers. The 
discovery that voltage-gated potassium channels are normally 
not found in numbers at the mammalian node (Chiu et al.
1979), but are found in the internode and are exposed by 
demyelination (Chiu and Ritchie 1980; Brismar 1981), 
prompted the suggestion that blocking these channels may be 
an effective means of restoring conduction to some fibers 
(Sherratt efe al. 1980). Increased action potential duration
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would result from a reduction in rectification by the 
potassium channels. One potassium channel blocking agent, 
4-AP, has been shown to improve conduction through regions 
of demyelination in the PNS (Sherratt gfc al. 1980; Bostock 
et al. 1981; Targ and Kocsis 1985; 1986; Bowe gfe al. 1987), 
however, direct examination of the effects of 4-AP on 
conduction in demyelinated central fibers has been limited. 
Kaji and Sumner (1988) found a slight, but significant, 
decrease in latency with low frequency stimulation (10Hz) 
following administration of 4-AP (6.51-8.58mg/Kg, a dose 
which resulted in convulsions) in rats 1-3 days after 
induction of a demyelinating lesion. They concluded that 
the increase in conduction velocity was the result of a 
reversal of conduction block, rather than to an increase in 
conduction velocity in previously conducting fibers.
However this conclusion was based on data indicating that 
internodal conduction times in demyelinated peripheral axons 
were not altered by 4-AP (Bostock et al. 1981), and this may 
not hold true in the CNS. In addition, they report that 
demyelinated axons were not a feature of the lesion until 
after 3 days post-injection (Kaji et al. 1988), thus the 
fibers recorded from were apparently not demyelinated.
Clinical trials have shown 4-AP to be effective at 
providing temporary improvement in the symptoms of some MS 
patients (Jones et al. 1983; Stefoski et al. 1987). 
Unfortunately however, the drug can cause seizures at doses
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only moderately above the therapeutic level (Jones et al. 
1983).
In the present study the effect of action potential 
prolongation was assessed by recording responses from fibers 
passing through a region of demyelination, as body 
temperature was lowered. The effects of potassium channel 
blocking agents on conduction in fibers passing through a 
region of demyelination were also examined. Responses were 
recorded prior to and after the administration of 4-AP or 
another drug, gallamine triethiodide, which has also been 
shown to block voltage gated potassium channels (Smith and 
Schauf 1981a; 1981b).
THE BLOOD-BRAIN BARRIER IN REGIONS OF THE CENTRAL NERVOUS 
SYSTEM REMYELINATED BY SCHWANN CELLS:
The CNS is, with the exception of a few specific 
regions, normally segregated from many blood borne solutes 
by a blood-brain barrier (BBB) (Ehrlich 1885). The BBB 
exhibits low permeability to most hydrophillic non­
electrolytes (Ohno et al. 1978) and ions (Katzman and 
Leiderman 1953). In an early electron microscopic 
investigation of the BBB, Dempsey and Wislocki (1955) found 
that in those regions of the brain which possessed a barrier 
the capillaries were ensheathed by astrocytic endfeet, 
whereas in areas lacking such glial ensheathment there was 
no barrier. This correlation implied that the astrocytic 
ensheathment was acting as a barrier to blood constituents.
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However, Reese and Karnovsky (1967), found that following 
intravenous injection of horseradish peroxidase (HRP), 
reaction product was found in the intercellular cleft 
between capillary endothelial cells on the luminal side of 
the tight junction, but not on the adluminal side. This 
observation demonstrated that it was the endothelial cell 
tight junction, not the glial ensheathment, which 
constituted the primary barrier to diffusion.
Although not constituting the barrier, perivascular CNS 
tissue is apparently important in maintaining the barrier 
form of endothelium. Heinicke (1980) and Wakai et al.
(1986) found that brain capillaries invading autografts of 
tissue from areas which normally have the leaky type of 
capillary, did not exhibit barrier properties. Conversely, 
when avascular brain tissue is transplanted into the 
coelomic cavity of embryos, the invading vessels form a 
competent BBB (Stewart and Wiley 1981). Thus, barrier 
function is not an inherent property of the vasculature, but 
is induced by an element of the nervous tissue. Due to the 
intimate relationship between astrocytes and capillary 
endothelial cells at sites where the BBB exists, the search 
for the barrier-inducing signal within the CNS has focused 
on astrocytes. Several lines of evidence indicate that 
astrocytes have a role in establishing and/or maintaining 
the BBB. Astrocytes are capable of polarizing the direction 
of transport of certain amino acids across cultured brain 
endothelial cells, coinciding with the direction of
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transport observed in vivo (Beck et al* 1984). Also vessels 
invading aggregates of astrocytes injected into the anterior 
chamber of rats possessed barrier characteristics (Janzer 
and Raff 1987). And finally, astrocytes promote tight 
junction formation in cultures of brain endothelial cells 
(Tao-Cheng et al* 1987).
If astrocytes do indeed induce the BBB, then the 
absence of these cells in Schwann cell remyelinated lesions 
of the CNS (Blakemore 1982) may result in these areas 
lacking a barrier. To investigate this possibility the 
presence of a barrier in Schwann cell remyelinated lesions 
was determined in this study by the intravenous injection of 
the tracer HRP which is normally excluded from the CNS by 
the BBB (Reese and Karnovsky 1967).
SUMMARY OF THE GOALS OF THE PRESENT STUDY:
The main goal of this study was to determine the 
conduction properties of demyelinated central fibers 
remyelinated by either Schwann cells or oligodendrocytes. 
Also, it was the aim of this study to determine the 
conduction properties of demyelinated central fibers in the 
EBR lesion model, and to determine the effect of changes in 
body temperature and potassium channel blockers on 
conduction. Finally, another goal of this study was to 
determine if Schwann cell remyelinated regions of the CNS 
possessed a competent BBB and to determine the relationship 
of such regions to astrocytes.
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METHODS
Two general types of electrophysiological experiments 
were performed. In the first, to be referred to as a 
chronic experiment, animals with implanted stimulating and 
recording electrodes were used to study the same population 
of CNS nerve fibers at different times before and after the 
induction of a demyelinating lesion. In the second type of 
experiment, to be referred to as an acute experiment, the 
conduction properties of lesioned nerve fibers were examined 
in detail at a single stage of lesion development.
RELEVANT DORSAL COLUMN ANATOMY
Assessing the electrophysiological effects of 
demyelination and remyelination on CNS axons is complicated 
by the difficulty in isolating white matter tracts. One 
pathway which allows isolation of impulses travelling along 
a single CNS tract is the dorsal column of the rat. This 
tract is composed chiefly of ascending primary afferent 
axons, as well as a smaller number of ascending second order 
neurons (Giesler et al* 1984), and a discrete motor pathway, 
the corticospinal tract, which is located in the ventral 
most portion of the dorsal column. Thus, by stimulating the 
dorsal column rostral to a lesion, and recording antidromic
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action potentials from either dorsal roots or peripheral 
nerves containing afferent fibers, it is possible to ensure 
that all directly conducted (i.e. nonsynaptic) impulses have 
passed through the dorsal column.
CHRONIC EXPERIMENTS 
Overview of Method:
Fifteen Sprague Dawley rats (533g avg. initial wt.) 
were implanted with stimulating and recording electrodes.
Two pairs of stimulating electrodes were implanted at the 
lower thoracic/upper lumbar region of the vertebral column, 
with at least one intervening vertebra between the 
stimulating pairs. The lesion was later induced beneath 
this intervening vertebra. Recording electrodes were 
implanted over each sciatic nerve, and attached to the 
ischium. Stimulation at the rostral stimulating site 
resulted in a conduction pathway which included the lesion, 
whereas stimulation at the caudal site resulted in a similar 
conduction pathway, with exactly similar recording 
conditions, but which excluded the lesion. This latter 
pathway provided valuable control responses on each 
recording occasion.
Manufacture of Electrodes For Chronic Recordings;
In early experiments the electrodes consisted of 
lengths of 0.005" diameter Teflon-coated wire (90% Pt, 10% 
Ir, Medwire, Mt. Vernon, NY) which were swaged onto 0.009"
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diameter multistranded, Teflon coated, stainless steel wire 
(Medwire, Mt. Vernon, NY) using a 1mm length of stainless 
steel 25G syringe tubing. In order to prevent breakage of 
the wire due to repeated bending at the point where it 
entered the stainless steel tubing, this region was 
supported by a coating of acrylic dental cement (Fastcure, 
Kerr Sybron, Romulus, MI). The other end of the stainless 
steel wire was soldered to a gold-plated male pin connector 
obtained by dismantling a 25 pin plug (TRW Connectors, Elk 
Grove Village, IL), and the solder joint was coated with 382 
Medical Grade Silastic Elastomer (Dow Corning Corp.,
Midland, MI). Electrodes were distinguished by 
incorporating small pieces of colored plastic into the 
elastomer.
In later experiments the recording electrodes and the 
cathode of each stimulating pair were made by swaging the 
Ptlr electrodes to EKG transmitter wire (Mini-Mitter Co., 
Sunriver, OR) with 20G stainless tubing. For the 
stimulating anode the Ptlr wire was omitted and the 
stainless steel tubing itself acted as the electrode. The 
EKG transmitter wire was supplied coiled inside silicone 
tubing, and to prevent the cavity inside the tubing from 
becoming a possible site of fluid accumulation or infection, 
it was filled, before implantation, with dental baseplate 
wax (Henry Schein Inc., Port Washington, NY). A 3mm length 
of 20G stainless steel syringe tubing was then swaged onto 
the other end of the wire and the open end of the tubing was
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sealed by compression. This end was then smoothed on a fine 
grit grinding wheel, and a distinguishing colored band of 
shrink-wrap tubing was placed around the end of the silicone 
tube. The joint between the silicone tube and stainless 
steel tubing was then sealed with Medical Silicone Adhesive 
Type A (Dow Corning Corp., Midland, MI) such that 
approximately 1.5mm of the swage was exposed, and this acted 
as a connector for stimulating and recording purposes.
Implantation of Electrodes:
1. Stimulating Electrodes: Wire stimulating cathodes
were implanted at the Til and LI vertebrae (throughout this 
study, references to vertebrae refer to vertebral rather 
than spinal levels). Two methods were used to implant 
stimulating anodes. In early experiments, anodes consisted 
of wire electrodes implanted at T10 and T13 (forming 
anode/cathode pairs at T10/T11 and T13/L1), whereas in later 
experiments, the anodes consisted of 20G syringe tubing 
cemented to the rostral end of Til and LI, near the base of 
the dorsal spinous process. Note, however, that despite the 
differences between early and late experiments in the 
location of the anode, the site of initiation of the nerve 
impulses (at the cathode) occurred consistently at Til and 
LI.
Electrode implantation was accomplished under general 
surgical anesthesia (after premedication with atropine,
40ug, ip., sodium pentobarbital, 65mg/Kg, ip., supplemented
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with 1.5% halothane delivered by a Fluomatic vaporizer, 
Foregger Co., Smithtown, NY) via a dorsal incision. All 
muscle was removed from the dorsal aspect of the appropriate 
vertebra, and the laminae were cleanly exposed. The 
connective tissue between the vertebrae was removed, 
providing a view of the spinal cord through the 
intervertebra1 spaces. To implant each electrode, its tip 
was passed from the caudal to the rostral opening, under the 
surface of the lamina, being careful to minimize contact 
with the dura. The electrode wire was pulled forward to 
move the stainless steel tubing (which attached the 
electrode to its lead wire) just above the caudal opening.
A number 11 surgical blade was used to cut the Teflon 
insulation from around the electrode at the point where it 
exited the rostral opening, and approximately 1mm of wire 
was exposed. The electrode was then pulled back from the 
caudal side until the exposed wire was located midway along 
the undersurface of the lamina. The excess electrode wire 
at the rostral end of the vertebra was then looped several 
times around the wire protruding from the caudal opening, so 
as to tighten the wire beneath the bone. A small hole was 
then drilled into the dorsal spinous process, and 
approximately 1mm of 25G stainless steel hypodermic tubing 
inserted into the hole to provide an anchor point for 
cementation. In the early experiments the entire assembly 
was cemented to the vertebra with acrylic dental cement, but 
in later experiments light cured composite dental resin
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(Prismafil, L.D. Caulk Co., Milford, DE), cured with a fiber 
optic light, was used. In either case, the cement always 
extended above the level of the swage joint to prevent 
stress-induced fracture of the wire through metal fatigue.
2. Recording Electrodes: The Ptlr electrode was
stripped of its Teflon coating and a "U" shaped bend placed 
in it, such that each leg of the "U" was approximately 5mm 
long. The caudal ischium was exposed via a dorsal incision 
and the lower portion of the electrode was slid under it so 
that the exposed wire lay alongside the sciatic nerve. A
0.65mm diameter hole was then drilled in the upper surface 
of the ishium, and a gold-plated self-threading dental 
anchor pin (TMS, Darby Dental Supply Co., Rockville Centre, 
NY) was screwed into the bone to provide anchorage for the 
electrode. The electrode assembly was then cemented to the 
dental pin with either acrylic dental cement, or, in the 
later experiments, with the light-cured composite described 
above. The lead wires from all electrodes were then brought 
sub-cutaneously to a point in the center of the back. All 
incisions were subsequently closed in layers.
Recording Schedule:
Following electrode implantation the animals were 
allowed to recover for at least one week before recordings 
were made. After this time, three sets of recordings were 
obtained at approximately two week intervals, and if these
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recordings proved to be stable (i.e. they were similar), a 
lesion was induced after the third recording (vide infra). 
Recordings were re-taken immediately following the induction 
of the lesion, and then at intervals ranging from one to 
four weeks, for up to 24 weeks.
LESION INDUCTION
The lesion for both chronic and acute preparations was 
induced by the direct micro-injection of ethidium bromide 
(EBR) into the dorsal column: EBR is a nucleic acid 
chelating agent (Waring 1965). The injection apparatus 
consisted of a drawn glass capillary tube which was attached 
to a lOul Hamilton syringe with hot melt glue. After 
filling with EBR using suction, the syringe assembly was 
mounted in a hydraulic micromanipulator (Narashige, model 
M0103, Medical Systems Corp., Greenvale, NY) such that the 
syringe lay at an angle of 16° from the vertical. EBR was 
expressed either using the syringe plunger, or by positive 
air pressure delivered via a length of tubing attached to 
the syringe.
Lesion Induction In Acute Experiments:
Fifty five Sprague Dawley rats (male, 452g, avg. 
initial wt.) were used in acute experiments. The Til or T12 
vertebra was exposed using sterile technique, and the left 
caudal quadrant of the lamina was removed using rongeurs. A 
small hole was made in the dura just lateral to the dorsal
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vein, and the tip of the micropipette was inserted via this 
hole into the spinal cord to a depth of 1.0mm. The tip was 
then withdrawn to depths of 0.7mm and 0.4mm, with an 
injection of 0.5ul of 0.5mg/ml EBR made at each depth. The 
wound was closed in layers, and the animals allowed to 
recover from 1 to 55 weeks prior to electrophysiological 
examination.
Twenty five of the animals used in the acute 
experiments recieved irradiation of the injection site in 
order to delay repair by remyelination (Blakemore and 
Patterson 1978). In these animals the entire Til or T12 
lamina was removed, and the injection made as described 
above. A copper shield with a 3mm X 5mm aperture was then 
placed just above the spinal cord, centered at the site of 
injection. A beta source consisting of a 10mm X 20mm 
rectangular plate coated with lOOmCi of 90Sr (Amersham 
Corp., Arlington Heights, IL) was placed in the shield and 
left until a surface dose of 40Gy had been delivered 
(approximately 6.5min). The wound was then closed in 
layers, and the animals allowed to recover.
Lesion Induction In Chronic Experiments;
It was important to ensure that the lesion in the 
dorsal column affected the fibers projecting to the sciatic 
nerve, and this was achieved by using the injection pipette 
as a stimulating cathode. To permit this stimulation the 
injection pipette was modified by inserting a thin wire
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along the length of the inside of the pipette prior to 
attachment to the Hamilton syringe. This wire was then 
attached to the cathode of a stimulator whose anodal contact 
was connected to a broad electrode positioned on adjacent 
muscle. The lesion was induced immediately following the 
third, stable pre-lesion recording by removing the left 
caudal quadrant of the lamina midway between the stimulating 
sites as described above. The stimulus thresholds for 
activity on the ipsilateral sciatic nerve were then recorded 
as the micropipette tip was lowered stereotaxically to 
various depths within the dorsal column, along several 
tracts. A decrease in the stimulus threshold was used to 
determine when the micropipette tip moved closer to fibers 
with processes in the sciatic nerve. Using the stereotaxic 
coordinates and threshold data, a representation of the 
dorsal column was constructed which included the iso­
threshold contours of the sciatic nerve fibers (fig. 1). A 
series of injections totalling lul of 0.5mg/ml EBR were then 




1. Chronic Experiments: Animals were premedicated with
atropine (40ug ip.), and anesthesia initiated with sodium 
pentobarbital (65mg/Kg, ip.) and maintained with halothane 
(1.5-2.0% in 100% oxygen). The skin above the electrode
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Figure 1. Illustration showing: (A) the voltage thresholds
for stimulation of fibers in the ipsilateral sciatic nerve 
at various depths, along several tracks in the dorsal 
column. The injection pipette was advanced along the tracks 
indicated, and was utilized as a "point source" stimulating 
cathode. Isopotential lines have been drawn at thresholds 
below 20 volts and below 30 volts. The likely position of 
the dorsal column relative to the stimulation sites was 
estimated from this data, and (B) the approximate location 
(shaded) of fibers from the L4-5 dorsal roots at the level 
of the lesion was derived from the dorsal column maps of 
Smith and Bennett (1987).
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termini was clean shaven with a razor blade, and disinfected 
with "Betadine". The animal was then held on a purpose- 
built positioning board and a small custom-made speculum was 
inserted into the oral cavity. A 14G catheter (Jelco #4058, 
Critikon Inc.,Tampa FL) incorporating a custom-made stylet 
(to facilitate opening of the vocal cords, (Jaffe and Free 
1973)), was then passed into the trachea and the stylet 
removed. This catheter served as an endotracheal tube, and 
it was taped to the snout to prevent its accidental removal.
In order to control precisely the administration of 
halothane, and to minimize the amount of anesthetic gas 
used, a small blow-by tube was constructed as follows. A 
side tube consisting of a 13cm length of PE 240 tubing (i.d. 
1.67mm, Clay Adams, Parsippany, NJ), and a sampling port 
made from a 2.5cm length of 21G syringe tubing, were 
cemented into holes in a plastic male luer fitting. The 
luer fitting was then attached at one end to the anesthetic 
gas supply, and at the other to the endotracheal tube.
During inhalation, when the flow rate in the endotracheal 
tube exceeded that of the delivered gas, the PE 240 tubing 
acted as a reservoir to prevent inhalation of room air. A 
flow of approximately 250ml/min provided sufficient gas to 
flush the catheter during exhalation and prevent rebreathing 
of exhaled gases, without increasing pressure in the 
catheter to a level that impeded exhalation.
In order to monitor the end-tidal level of carbon 
dioxide the rat was connected to a capnometer (TMM2000,
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Traverse Medical Monitors, Saline, MI) which had been 
modified by the author to enable it to operate at the low 
flow rates inevitable with small animals such as rats (Smith 
and Felts 1989). To maintain body temperature during the 
long recording periods (and indeed during all surgical 
anesthesias) the rat was placed on an electrically heated 
blanket (Frederick Haer, model 40-90-8, Brunswick, ME) whose 
temperature was regulated via a rectal thermistor probe. To 
administer fluids and pharmacological agents, an intravenous 
line (PE 50) was established in one of the lateral tail 
veins using sterile technique. The initial catheterization 
was made approximately 4cm from the caudal end of the tail, 
and the site of insertion was moved rostrally on each 
subsequent recording occasion. In those rats where a large 
number of recording sessions were performed, the entire 
length of the tail was eventually used, and the procedure 
was repeated using the opposite side, again beginning 
caudally.
Following the implantation of the tail vein catheter, 
the sub-cutaneous leads of the implanted electrodes were 
exposed through a small skin incision using sterile 
technique, and the appropriate pair of stimulating 
electrodes attached to the output of a Digitimer DS2 
isolated stimulator (Medical Systems Corp., Great Neck, NY). 
The leads from the sciatic recording electrodes ("active"), 
as well as acutely inserted "indifferent" recording 
electrodes (25G needles inserted into the skin above the
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sciatic notch), were attached to the input stage of a 
differential amplifier (DAM50, World Precision Instruments, 
New Haven, CT), set to be in a.c. mode with a bandwidth of 
10-10kHz. The endotracheal tube was connected to a rodent 
ventilator (Harvard Bioscience, South Natick, MA) and the 
minute volume adjusted to maintain an end-tidal C02 of 4-5% 
(animals which exhibited an end-tidal C02 above 7% at any 
earlier time in the recording session were immediately 
mechanically ventilated).
2. Acute Experiments: Animals were premedicated,
anesthetized, maintained in homeothermy , and had iv. 
cannulation as described above. A ventral midline incision 
was made into the throat, and the trachea, caudal to the 
larynx, exposed. The trachea was incised between a pair of 
cartilage rings, and an endotracheal tube consisting of a 
4cm length of PE 240 tubing, (o.d. 2.42mm, Clay Adams, 
Parsippany, NJ) attached to a syringe adapter (supplied at 
2.08mm, drilled to 2.5mm, Thomas Scientific, Swedesboro, NJ) 
was inserted, taking care to stop short of the division of 
the trachea to form the bronchi. The endotracheal tube was 
held in place with 2 ligatures, one around the trachea just 
below the site of entry of the tube, and the second through 
the skin at the chin. The animal was again placed on a 
blow-by tube connected to a capnometer (vide supra). As 
before, if the end-tidal C02 exceeded 7% the animal was 
mechanically ventilated and end-tidal C02 lowered to 4-5%.
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A laminectomy was performed from vertebral levels T8 to L6, 
and the animal placed in a recording stereotactic frame, 
with skin flaps raised to enclose a mineral oil pool. The 
vertebral column was stabilized by holding the T7 and SI 
dorsal spinous processes in rigid clamps, and the exposed 
tissue was washed twice by filling the pool with either 
saline or Ringer's solution, prior to filling it with 
mineral oil. A thermistor probe attached to a temperature 
controller (YSI model 73, Yellow Springs, OH) was positioned 
in the pool and the pool temperature maintained at 35C using 
heat from an infrared lamp. (The pool temperature was 
deliberately maintained slightly below normal body 
temperature in order to prevent potential overheating of the 
surface tissues, since these may absorb the radiant heat 
more rapidly than the mineral oil. The slight reduction in 
temperature would also be expected to enhance conduction in 
any demyelinated fibers, since these have been shown to 
undergo conduction block at lower temperatures than normal 
fibers (Davis and Jacobson 1971), and this property was 
specifically examined in some animals). The dura was split 
along the length of the exposed cord, and stimulating 
electrodes (either two 30G stainless steel needles or two 
3mm lengths of 0.25mm diameter Ptlr (70%:30%) wire (Medwire 
Corp., Mt. Vernon, NY), sharpened to a point), were inserted 
into the cord along the midline, taking care to avoid the 
dorsal vein. One stimulating electrode was located at the 
junction of T8 and T9, and the other located 5mm rostrally.
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The electrodes were attached to the cathode and anode 
respectively of a Digitimer model DS2 isolated stimulator. 
Recordings were made from both the left and right L2 through 
L6 dorsal roots by cutting the roots close to their entrance 
into the dura and placing them individually over pairs of 
platinum wire hook electrodes. The roots were crushed 
between the recording electrodes to render the CAPs 
monophasic. The pairs of recording electrodes were each 
attached to the headstages of separate Neurolog System 
(Medical Systems Corp., Great Neck, NY) differential a.c. 
preamplifiers. Amplifier output was limited to a bandwidth 
of 8Hz to 10kHz, and auxiliary amplification was provided by 
DC amplifiers designed and built by the author.
Use of Neuromuscular Blocking Agents;
To eliminate movement of the animal when stimulating 
the spinal cord it was necessary in both the chronic and 
acute experiments to employ a neuromuscular blocking agent. 
Due to its relatively long duration of action, we chose to 
use gallamine triethiodide ("Flaxedil", Davis+Geck, Pearl 
River, NY), a non-depolarizing neuromuscular blocking agent 
which competes with acetylcholine for binding sites on the 
post-synaptic membrane of the neuromuscular junction. 
Gallamine was administered intravenously with an initial 
dose of lOmg, followed in the chronic experiments by a 
constant slow infusion at approximately 15mg/hr via a 
syringe pump (World Precision Instruments, New Haven, CT),
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and in acute experiments by additional injections of lOmg 
whenever muscle contractions resulting from cord stimulation 
were seen. Since neuromuscular blocking agents lack any 
anesthetic action, extreme care must be taken to ensure 
continued anesthesia, and in these experiments this was 
achieved by the constant delivery of halothane (2%) in the 
inspired gas.
Data Acquisition;
For permanent storage of data, the amplified signals 
were led either to an Isaac 2000 analog to digital converter 
(Cyborg Corp., Newton, MA) for transfer to a computer, or to 
a pulse code modulation converter (Model DR384, Neurodata 
Instruments, New York, NY) for storage on VHS video 
cassettes. An IBM 9001 (IBM Instruments, Danbury, CT) 
laboratory computer running a FORTRAN program entitled AV 
developed in this laboratory by Dr. Kenneth Smith, Mr. 
William Cassano and the author, was used for data averaging, 
display, and analysis. Triggering and timing pulses needed 
for various stimulus paradigms were delivered by a Neurolog 
System incorporating appropriate pulse generating and 
delaying modules, used either alone, or under computer 
control.
Recording Protocol For Chronic Experiments:
Several recording protocols were used at each recording 
session. All the records saved were averaged responses to
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several (generally, between 4 and 32) stimuli. Signal 
averaging improves the signal to noise ratio and also 
provides more representative data, since incidental changes 
in a single record (e.g. superimposition of EKG on the 
response) are reduced in the averaged record. In addition, 
with the exception of the second stimulus of the paired 
stimuli used in the refractory period of transmission 
determination (vide infra!, and the stimuli delivered during 
high frequency stimulation (vide infra!, all stimuli used 
were preceded by 20ms with a conditioning stimulus of equal 
intensity. The purpose of this stimulus was to render the 
dorsal root reflex refractory. This reflex has a refractory 
period of greater than 20ms (personal observations), and so 
the inclusion of the conditioning stimulus eliminated any 
confusion between the impulses resulting from direct 
conduction and those resulting from the dorsal root reflex.
After inducing paralysis the threshold and supramaximal 
stimulus intensities (supramaximal was defined as the 
voltage which just produced a maximum response) for each 
sciatic nerve, were determined for stimulation at each of 
the rostral and caudal implantation sites. In order to 
determine if there were units which required very high 
stimulus intensities for impulse initiation, CAPs were 
recorded at 2, 5, and 10 times threshold, as well as at 2 
times supra-maximal (or to a maximum stimulus of 80V, 
0.25msec duration).
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One measurement which can be use to distinguish 
abnormal from normal nerve fibers is the refractory period 
of transmission (RPT) (McDonald and Sears 1970a). The RPT 
measures the maximum refractory period of the weakest 
portion of the conduction pathway, and this is a more 
reliable measure of fiber abnormality than any decrease in 
conduction velocity. This increase in reliability arises 
from the fact that a decrease in conduction velocity over a 
small portion of a long conduction pathway may have only a 
very minor effect on transmission time, but a second of two 
closely spaced impulses may be totally blocked at the same 
site (a phenomenon which is, of course, both more absolute 
and more noticeable). To determine RPTs, two stimuli, at 
twice the supramaximal voltage, and with a known 
interstimulus interval, were delivered. The first stimulus 
produced a maximal CAP, and the second produced a CAP which 
represents all fibers having an RPT shorter than, or equal 
to, the interstimulus interval. In order to subtract the 
response to the first stimulus, (resulting in a record 
exhibiting only the response to the second stimulus), a 
third stimulus was delivered 500msec after the second and 
the maximal CAP resulting from this stimulus was subtracted 
from the response generated by the paired stimuli (see Smith 
1980, and Smith and Hall 1980). By varying the interval 
between the individual stimuli of the stimulus pairs 
(between 0.2 and 20msec), a series of CAPs were recorded
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where each record comprised those fibers which were able to 
conduct at the given interstimulus interval.
In order to determine the ability of the fibers to 
conduct high frequency trains of impulses, sixteen stimuli 
of twice the supramaximal voltage were delivered at one 
second intervals at the rostral stimulating site, and the 
averaged response obtained. This response served as a 
control. A thirty second burst of high frequency 
stimulation (at 200Hz) was then delivered, and the average 
of sixteen responses obtained after 3, 8, 13, 18, 24, and 30 
second intervals. The recovery of the fibers following the 
high frequency stimulation was monitored by obtaining the 
averaged response to sixteen stimuli delivered at 1Hz, at 1, 
40, 120, and 180sec post-burst intervals.
In chronically implanted preparations where there was 
evidence of demyelination, the effect on conduction of 
warming and cooling the animal was determined. The animal's 
core temperature (measured rectally) was elevated by use of 
a heating blanket to 38C, and the blanket was then turned 
off and the animal allowed to cool. As the animal cooled, 
maximal CAPs were obtained at 1C intervals until the 
temperature reached 33C. In some instances cooling was 
aided by placing plastic "freezer packs" on either side of 
the animal, being careful not to allow the animals limbs to 
contact the packs. The "freezer packs" were then removed, 
the heating blanket activated, and CAPs obtained at 1C 
increments as the animal was re-warmed to 38C.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 8
Determination of the Contribution of the Different Spinal 
Roots to the CAPs Recorded in Chronic Experiments;
The use of recordings from the sciatic nerve, i.e. a 
mixed nerve, in the chronic experiments raises the question 
of whether discharges in motor fibers may have contributed 
to the recordings obtained. To examine this question, the 
relative contribution of the various dorsal and ventral 
roots to the sciatic nerve CAP, was determined. Thirteen 
weeks after implantation of stimulating electrodes a 
laminectomy was performed from L1-L6 and the animal placed 
in a stabilizing recording frame. Skin flaps were raised to 
form a recording mineral oil pool maintained at 35C, and the 
sciatic nerves were severed distally and raised on recording 
electrodes. Supramaximal stimuli were applied to the 
previously implanted electrodes at T10 and Til, and 
recordings made from each sciatic nerve. Following each 
recording a single spinal root was cut and another record 
taken. This procedure was repeated until all of the 
ipsilateral L3-L5 dorsal and ventral roots were cut.
Recording Protocol For Acute Experiments;
Threshold and supramaximal voltages were determined for 
the left and right dorsal roots L2 through L5, and a series 
of recordings were made at various stimulus intensities from 
2 to 80V (duration = 0.025msec). The RPT and high frequency 
recordings were obtained as described above, utilizing a
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stimulus of 80V and a duration of 0.025msec (this stimulus 
strength was always well above supramaximal).
Using the method of Smith (1980) the distribution of 
RPTs present in the dorsal column was determined from the 
CAPs, and plotted to form the RPT spectrum. (RPT spectra 
could not be obtained in the chronic experiments as the CAP 
in these cases was inevitably polyphasic rather than 
monophasic, and under such circumstances the area under the 
records is not proportional to the number of fibers 
conducting (vide infra). The RPT spectrum of monophasically 
recorded CAPs was determined by taking the integral of each 
CAP with respect to time, and plotting them in order of 
increasing interstimulus interval. After smoothing in the 
refractory period domain, the changes in area of each 
successive integral were obtained by subtraction, and the 
changes represented in a histogram. Each increase in area 
represents fibers whose RPT lies between the relevant 
stimulus separations (see Smith 1980 for a detailed 
description of the analysis).
In some animals in which demyelination was detected, 
CAPs, RPTs, and responses to high frequency stimulation were 
obtained before and after the iv. administration of 4-AP (1- 
2mg).
In common with 4-AP, gallamine triethiodide (the 
neuromuscular blocking agent used in this study) has been 
shown to possess potassium channel blocking activity in rat 
nerve fibers in vitro (Smith and Schauf 1981a; 1981b). The
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effect of gallamine on central demyelinated fibers was 
determined in vivo in these experiments by recording CAPs 
before and after either a lOmg or 20mg iv. injection. It 
was often impossible to determine the possible effects of 
the drug using supramaximal stimulation since prior to the 
neuromuscular blockade such stimulation inevitably produced 
large muscle contractions which were potentially damaging to 
the animal. Consequently, only relatively small, but 
consistent stimuli were used.
Gallamine is normally excluded from the CNS by the BBB 
therefore when the effect of gallamine was determined it was 
necessary to ascertain if the lesion had a functional BBB, 
preventing the gallamine from reaching the demyelinated 
axons. BBB patency was determined by injecting animals with 
a tracer, horseradish peroxidase (HRP), at the end of acute 
experiments, then determining if HRP could be found in the 
tissue, indicating that it had not been excluded by the BBB. 
In order to eliminate any possible effects of the acute 
experiment on BBB function, several lesioned animals, which 
did not undergo electrophysiological examination, were also 
examined for BBB competence using HRP.
Lesions expected to be remyelinated by Schwann cells 
were similarly examined for BBB competence, either after 
electrophysiological examination, or in the absence of such 
examination. In addition, such lesions were stained for the 
presence of astrocytes using an antibody against 
glial-fibrillary acidic protein (GFAP).
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Use of animals in this study, and the use of 
radioactive materials were reviewed and approved by the 
Animal Care and Use Committee (approval #87-02) and the 
Radiation Safety Committee (authorized user #070) 
respectively, of the Eastern Virginia Medical School.
HISTOLOGY
Those animals in which the patency of the BBB was 
assessed were given a slow (4min) iv. injection of 250mg/kg 
Type II HRP (Sigma, St. Louis, MO) in 1.0ml saline. Five 
minutes prior to the injection of HRP the animal had been 
given a slow (3min) iv. injection of an antihistamine, 
diphenhydramine hydrochloride (Benadryl, 5mg/kg, Parke- 
Davis, Morris Plains, NJ), in 0.4ml saline, to prevent 
opening of the BBB resulting from an allergic reaction to 
HRP (Noble and Wrathall 1989). At either fifteen or fifty 
minutes after HRP injection the animals were perfused. The 
thoracic cavity was opened by cutting from the tip of the 
xyphoid process up either side of the sternum with heavy 
scissors, and a 14G catheter with internal needle (Critikon, 
Tampa, FL) was inserted into the left ventricle. The stylet 
was removed and a tube containing a rinse solution (Ringer's 
solution buffered with 20mM HEPES (n-hydroxyethylpiperazine­
rt' -2-ethane sulfonic acid) pH 7.4, and containing 2U/ml 
heparin, 0.5mg/ml lidocaine, and 0.02mg/ml sodium nitrite) 
at a hydrostatic pressure of 1.4m water was attached. After 
cutting the superior vena cava the animal's blood was
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exchanged for the rinse solution and approximately 200ml of 
rinse was passed through the vasculature. The animal was 
then immediately perfused with 750ml of 2% glutaraldehyde,
2% paraformaldehyde in 0.1M cacodylate buffer (pH 7.4). The 
paraformaldehyde was made fresh each day by adding 10% 
paraformaldehyde (wt./vol.) to 60C distilled water 
previously adjusted to an alkaline pH, dissolving the 
paraformaldehyde, and then vacuum filtering the solution 
through a 0.45um membrane filter. Following perfusion the 
lesion was marked with toluidine blue (Eastman Kodak, 
Rochester, NY) and the region of cord containing the lesion 
removed and placed in fixative. The brain was also removed 
in order that regions normally lacking a BBB (e.g. the 
median eminence), could serve as a positive control for HRP 
processing. Animals lacking median eminence staining were 
excluded from the BBB study. After 30 minutes in fixative 
the tissue was transferred to 0.1M cacodylate buffer (pH 
7.4) and stored at 4C for up to 7 days. Prior to 
blocking/vibratoming, a small area of the right 
ventrolateral column was cut from the length of the spinal 
cord to allow subsequent left-right orientation. The cord 
was then cut into sections approximately 1cm in length, 
embedded in 6% agar, and transverse sections cut on a Series 
1000 Vibratome (Scientific Products, McGaw Park, IL). Four 
sections at 60um were collected for analysis of HRP leakage 
(see elsewhere), one 60um section was collected for GFAP 
staining (in those animals examined for the presence of
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astrocytes), followed by one 200um section which was 
embedded in plastic (vide infra) for light and electron 
microscopy. This procedure was repeated until tissue was 
sectioned several millimeters either side of the lesion 
site. Sections were placed in multiwell polyethylene 
vessels (Smith and Larramendi 1988) which allowed proper 
order to be maintained during tissue processing, enabling 
the serial reconstruction of the lesion. One hundred micron 
coronal sections through the brain at the level of the 
median eminence were also cut on the vibratome and processed 
for HRP leakage.
Three different processes were used to identify HRP 
extravasation, the first utilizing tetrametylbenzidine 
(TMB), the second, diaminobenzidine (DAB), and the third 
phenylenediamine (all from Sigma, St. Louis, MO) as 
chromagen. Tissues utilizing TMB as chromagen were 
processed according to the method of Mesulam (1978), those 
utilizing DAB were exposed for 15 minutes to the incubation 
medium described by Karnovsky (1967), and those utilizing 
phenylenediamine were processed by the method of Hanker et. 
al (1977). Following post-incubation rinsing, tissues were 
placed on slides previously subbed by dipping them into a 
solution of 2% gelatin and 0.05% chromium potassium sulfate, 
and allowing them to dry at 40C. Tissues were air-dried 
overnight, then dehydrated in graded ethanols (TMB) or 
acetones (DAB, phenylenediamine), cleared in xylene, 
coverslipped with Cytoseal 60 (VWR Scientific, Bridgeport,
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NJ), and examined with the light microscope. Due to the 
birefringent nature of TMB crystals, sections exposed to TMB 
were examined with crossed polarizers, one located between 
the light source and the specimen, and the other located 
between the specimen and the observer.
GFAP positive cells and processes were demonstrated 
with a peroxidase-antiperoxidase technique, utilizing a kit 
from BioGenex Laboratories (San Ramon, CA). Endogenous 
peroxidases, as well as extravasated HRP were blocked by 
incubating the tissue in 0.5% H202 for 10 minutes prior to 
processing. Both DAB and phenylenediamine were utilized as 
chromagens.
Tissues to be embedded in plastic were washed twice in 
0.1M cacodylate buffer (pH 7.4), postfixed for 2-3 hours in 
1.5% osmium tetroxide including 1.5% potassium ferricyanide 
in 0.1M cacodylate buffer, dehydrated in graded ethanols, 
passed through propylene oxide and embedded in epon. Care 
was taken to ensure that the same relative rostral-caudal 
face was always oriented to the outside of each block. 
Following polymerization for 48 hours at 60C and 15inHg 
vacuum, lum sections were cut on a microtome and stained 
with a mixture of 0.5% methylene blue and 0.5% azure II in 
0.5% sodium borate, and examined in the light microscope.
For those blocks chosen for further study, 'silver sections' 
(approximate thickness 90nm) were cut on an ultramicrotome, 
mounted on non-coated copper grids, stained with uranyl
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acetate and lead citrate, and examined in a Philips model 
TEM301 electron microscope.
Those animals not examined for patency of the BBB, were 
perfused as described above, except that the perfusate 
consisted of 4% glutaraldehyde in 0.15M cacodylate buffer. 
Following perfusion the spinal cord lesion was marked with 
toluidine blue, the spinal cord removed, a section of the 
right ventrolateral column removed, and the cord sliced into 
approximately 500um thick transverse blocks. In chronically 
implanted animals the sciatic nerves in the region of the 
implant site were also removed and processed for light and 
electron microscopy as described above, to ensure that the 
chronic proximity of the electrodes had not resulted in any 
local trauma.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 6
RESULTS
OVERVIEW OF THE LESION:
The lesions were large, well circumscribed regions of 
primary demyelination in the dorsal column. Early 
demyelination was characterized by splitting and 
vesiculation of compact myelin (fig. 2). In some lesions 
the vesicular myelin debris surrounding the axons was 
removed prior to the initiation of remyelination, resulting 
in areas where axons were in direct apposition with one 
another (fig. 3). In other areas, demyelinated axons were 
intermixed with cell processes characteristic of astrocytes 
(large numbers of filaments and lightly stained cytoplasm) 
(fig. 4). With time, demyelinated regions eventually became 
remyelinated, either by oligodendrocytes, or by Schwann 
cells. Myelinating cells were tentatively identified as 
Schwann cells at lower magnification by their typical 
"signet ring" appearance. At higher magnification, this 
identification was confirmed by the observation of prominent 
cytoplasm on the outer surface of the compact myelin, 
coupled with the presence of a surrounding basal lamina 
(fig. 5). Identification of oligodendrocyte remyelination 
was based on the presence of a thinner than normal myelin
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Figure 2. Electron micrograph of a transverse section 
through the lesion in the dorsal column eight days after the 
intraspinal injection of EBR. Vesicular myelin debris can 
be seen surrounding the axons (A). (Scale bar = lum).
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Figure 3. Electron micrograph showing a region of naked 
axons cut in transverse section 35 days after lesion 
induction. The lesion was induced by the intraspinal 
injection of EBR in conjunction with irradiation. (Scale 
bar = lum).
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Figure 4. Electron micrograph showing a region of 
demyelinated axons separated by astrocyte processes (arrows) 
in a lesion induced 35 days previously. The lesion was 
induced by the intraspinal injection of EBR in conjunction 
with irradiation. Identification of astrocytes was based on 
the presence of glial filaments and lightly staining 
cytoplasm. (Scale bar = 2um).
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Figure 5. Electron micrographs through a region of Schwann 
cell remyelination in the dorsal column 259 days after the 
intraspinal injection of EBR. At lower magnification (A) 
the distinctive "signet ring" appearance of the Schwannian 
remyelinated axons can be seen in many fibers (arrows). One 
of the internodes has been sectioned through a Schmidt- 
Lanterman incisure (S). At higher magnification (B) 
the basal lamina surrounding the fibers is visible (arrow). 
(Scale bar = (A) lOum; (B) lum).
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sheath, which exhibited little or no cytoplasm and which 
lacked a surrounding basal lamina. In lesions remyelinated 
exclusively by oligodendrocytes it is very unlikely that the 
thinner myelin sheaths represented partial thickness 
demyelination, given the relatively large areas exhibiting 
rather uniformly thin myelin, and the extended age of the 
lesions (>6 months). In mature lesions, such fibers also 
had substantially thinner myelin sheaths than Schwannian 
remyelinated fibers (see fig. 6). Irradiation of the lesion 
delayed remyelination but did not prevent it. Remyelination 
began in non-irradiated lesions in the third week, and in 
the irradiated lesions at approximately the seventh week.
The lesions varied in size, and it was noticed that the 
larger lesions exhibited a greater proportion of Schwann 
cell remyelination than smaller lesions. In lesions 
remyelinated by a mixture of Schwann cells and 
oligodendrocytes there were usually distinct regions 
myelinated solely by one cell type, rather than a 
homogeneous intermingling of the two types of remyelination. 
Generally, the lesions consisted of a core of Schwann cell 
remyelination surrounded by a border of oligodendrocyte 
remyelination. An electron micrograph of this border region 
is shown in figure 6. Smaller lesions generally exhibited a 
greater degree of oligodendrocyte remyelination, with 
occasional nests of Schwann cell remyelination, typically in 
the vicinity of blood vessels. Some smaller lesions were 
remyelinated solely by oligodendrocytes (fig. 7).
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Figure 6. Electron micrograph of a region of the lesion in 
the dorsal column 259 days post-injection. The micrograph 
shows the boundary between a region of Schwann cell 
remyelination and the border of oligodendrocyte 
remyelination. Several Schwann cell remyelinated fibers (S) 
and oligodendrocyte remyelinated fibers (0) are labelled. 
Notice the thin myelin sheaths of the oligodendrocyte 
remyelinated fibers, as compared to those remyelinated by 
Schwann cells. (Scale bar = 5um).
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Figure 7. Light micrographs showing a lesion 180 days after 
EBR injection into the dorsal column with concomitant 
irradiation. The low power micrograph (A) shows the entire 
dorsal columns, as well as the adjacent dorsal horns and 
lateral columns. A region of oligodendrocyte remyelination 
(0) occupying a large portion of the deep dorsal column 
appears as a lighter region due to the thinner myelin 
sheaths. A region of oligodendrocyte remyelination located 
near the arrow in (A) is shown at higher magnification in 
(B). Among the large numbers of fibers remyelinated by 
oligodendrocytes are occasional fibers with normal thickness 
myelin (N). (Scale bars = (A) 250um; (B) 25um).
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Reconstructions of representative large lesions from 
transverse sections (fig. 8) confirmed an impression gained 
from the observation of the individual transverse sections, 
namely that the lesions tapered at their rostral and caudal 
margins, producing a lenticular shape in the rostro-caudal 
plane. Moreover, the border of oligodendrocyte 
remyelination was maintained as the lesion tapered and thus 
transverse sections at both the rostral and caudal margins 
were often characterized by a small region of purely 
oligodendrocyte remyelination. In most lesions the region 
of Schwannian remyelination was entirely enclosed in a shell 
of oligodendrocyte remyelination. Thus in individual fibers 
the portion remyelinated by Schwann cells was bounded at 
either end by a length remyelinated by oligodendrocytes 
(fig. 9). No oligodendrocyte border existed at the pial 
surface in large lesions which extended to the pia (see fig. 
8). Remyelination by Schwann cells progressed more rapidly 
at the center of the lesion than at more peripheral areas, 
as demonstrated by lesion maps at times prior to complete 
remyelination (fig. 10).
In the examination of conduction in central fibers 
remyelinated by Schwann cells, chronically implanted animals 
were included only if they were found to have a lesion 
which, at its center, included at least 75% of the 
ipsilateral dorsal column. These lesions were similar to 
the large lesions described above, having a core of Schwann
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Figure 8. Serial reconstructions of two EBR-induced lesions, 
made from transverse sections drawn with the aid of a 
drawing tube. The corticospinal tract in the most ventral 
portion of the dorsal column has been excluded. The lesions 
are (A) 73 and (B) 259 days post-injection, and have an 
inter-section distance in (A) of approximately 500um and in 
(B) of 440um. Stippled areas represent regions remyelinated 
by Schwann cells, black areas regions remyelinated by 
oligodendrocytes, and white areas, within the boundary of 
the lesion, regions which remain demyelinated. Notice the 
shell of oligodendrocyte remyelination which nearly 
surrounds the Schwannian remyelination, and the regions of 
oligodendrocyte remyelination at the rostral and caudal 
margins. Sections one inter-section increment rostral to 
the most rostral sections shown, and caudal to the most 
caudal sections shown, were found not to contain lesioned 
fibers.
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Figure 9. Light micrograph of a sagital section through the 
rostral margin of a 73 day EBR lesion. The regions of 
Schwann cell remyelination (S) and the edge of the expanse 
of normally myelinated fibers (N), are separated by a region 
composed mainly of very thinly myelinated fibers 
characteristic of oligodendrocyte remyelination (0). (Scale 
bar = lOOum).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 10. Serial reconstructions of an EBR-induced lesion, 
made from transverse sections drawn with the aid of a 
drawing tube. The corticospinal tract in the most ventral 
portion of the dorsal column has been excluded. The lesion 
is 50 days post-injection, and has an inter-section distance 
of approximately 500um. Stippled areas represent areas 
remyelinated by Schwann cells, black areas regions 
remyelinated by oligodendrocytes, and white areas within the 
boundary of the lesion, regions which remain demyelinated. 
Notice the greater proportion of Schwann cell remyelination 
at the center of the lesion as compared to the rostral and 
caudal margins. The sections approximately 500um rostral to 
the most rostral section shown and approximately 500um 
caudal to the most caudal section shown, were found not to 
contain lesioned fibers.












cell remyelination surrounded by a thin border of fibers 
remyelinated by oligodendrocytes.
PRECAUTIONS TAKEN TO ENSURE THAT THE ACTIVITY RECORDED IN 
THE ELECTROPHYSIOLOGICAL EXPERIMENTS PASSED ALONG THE 
PATHWAY ANTICIPATED:
Determination of The Location Of The Sciatic Nerve Fibers 
Within The Dorsal Column:
One of the premises upon which the interpretation of 
the electrophysiological results from the chronically 
implanted animals is based, is that the records obtained are 
substantially dominated solely by conduction in primary 
afferent fibers which ascend the dorsal column to the 
stimulating site. It was therefore important to ensure that 
activity in other fibers, such as motor and autonomic 
fibers, did not feature significantly in the records 
obtained from the sciatic nerve. To establish this fact, 
one animal was acutely prepared so that recordings could be 
made of activity in the sciatic nerve evoked in response to 
dorsal column stimulation. While continuing to record from 
the nerve, the ventral and dorsal roots were severed in 
sequence, so that any changes in the activity recorded could 
be observed (fig 11). We found no change in the amplitude 
or form of the sciatic nerve response upon severing any of 
the ventral roots, establishing that under the conditions of 
our experiment there was no contribution from motor or 
autonomic fibers to the sciatic nerve recordings. There was
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Figure 11. Averaged CAPs recorded from the sciatic nerve in 
response to supramaximal stimuli delivered to the cord 
dorsum at Til. Responses were recorded from the sciatic 
nerve contralateral to the lesion 92 days after intraspinal 
injection of EBR. The sciatic nerve had been cut distally, 
crushed between the recording electrodes, and raised in 
mineral oil. The top record was obtained when all the 
dorsal and ventral roots were intact, and successive records 
were obtained after the roots indicated were severed in turn 
(V=ventral, D=dorsal). Severing the ventral L3-4-5 roots 
had no discernable effect on the CAP, severing the dorsal L4 
root substantially reduced the amplitude of the response, 
and severing L5 eliminated it.
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similarly no change in the records obtained upon severing 
the L3 dorsal root. However, severing the L4 and L5 dorsal 
roots effectively abolished the sciatic activity, 
establishing that it was only activity conducted in these 
roots which was detected in the sciatic nerve. We were 
therefore able to use the dorsal column maps of Smith and 
Bennett (1987) for the L4 and L5 roots to determine the 
location in the dorsal column of the fibers from which 
recordings were made.
Determination of the Site of Initiation of Impulses:
It was important to determine that the quite high 
stimulus intensities sometimes used did not result in the 
site of impulse initiation spreading to the normal tissue 
beyond the lesion. To ensure that this was not so, the 
dorsal column was stimulated at T8 using the maximum voltage 
and duration utilized in any of the experiments (80V, 
0.25msec), while recording from the dorsal roots. The 
dorsal column was then pinched between #5 forceps, beginning 
at a site 1mm caudal to the cathode and moving caudally in 
1mm increments. The response substantially disappeared 
after crushing the dorsal column 4mm caudal to the cathode 
(fig.12), establishing that the actual site of impulse 
initiation was a maximum of 4-5mms caudal to the location of 
the cathode. Since the site of the lesion was typically 
centered 20mm caudal to the cathode, there was no likelihood
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Figure 12. Averaged CAPs recorded from the L3 dorsal root in 
response to a stimulus to the dorsal column at T8 equal in 
magnitude to the maximal stimulus used in any of these 
experiments (80V). The top trace was obtained from the 
intact preparation, and subsequent records demonstrate the 
effect of crushing the dorsal column caudal to the cathode 
at the distance shown. The response was eliminated 
following a crush 4mm caudal to the cathode, indicating that 
the site of impulse initiation was within this distance.
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that the impulses bypassed the lesion by being initiated 
beyond it.
Determination That The Fibers From Which Recordings Were 
Made Passed Along The Dorsal Column:
To demonstrate that the fibers transmitting the 
responses recorded from the dorsal roots were contained 
within the dorsal columns at the level of the lesion, 
maximal CAPs were recorded prior to, and just following, 
crushing of the dorsal column just caudal to the lesion site 
with #5 forceps. Crushing the dorsal column eliminated all 
activity recorded from the L2 through L5 dorsal roots (fig. 
13), establishing that the fibers conducting these impulses 
were located within the dorsal column, as expected.
CONTROL RECORDINGS IN ACUTE EXPERIMENTS:
The maximal CAPs recorded from the dorsal roots of a 
non-injected control animal are shown in figure 14. A 
representative series of recordings to produce an RPT 
spectrum, and responses to high frequency stimulation and 
CAP integrals, are shown in figures 15 and 16 respectively.
INTERPRETATION OF RECORDINGS:
In chronic recordings the sciatic nerve was in 
continuity in the animal, and it is inevitable that the CAPs 
recorded were polyphasic, not monophasic. Under these 
circumstances, differences in conduction velocity between
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 13. Averaged CAPs recorded from the dorsal roots 
shown, in response to supramaximal stimuli delivered to the 
cord dorsum at T8, in an animal 175 days after injection of 
EBR in conjunction with irradiation. CAPs on the right were 
obtained after crushing the dorsal column between forceps 
just caudal to the lesion site. The sharp reduction in 
amplitude demonstrates that the action potentials were 
transmitted within the dorsal column.
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Figure 14. Control CAPs, recorded from the roots shown, 
evoked in response to supramaximal stimuli delivered to the 
cord dorsum at T-8 in a non-injected animal. Note the 
similarity in the form and amplitude of the CAPs recorded 
from each side of the cord.
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Figure 15. A) Plot showing a series of averaged records 
obtained from the L4 dorsal root in response to supramaximal 
stimuli delivered at T8 in a non-injected control animal. 
CAPs are in response to the second of two stimuli with the 
interstimulus interval shown at right. The response evoked 
by the first stimulus has been subtracted away (see text). 
The RPT spectrum is shown in (B). For each interstimulus 
interval, the area represents the change in the integral of 
the CAP as compared to the integral of the CAP from the next 
shorter interstimulus interval examined.
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Figure 16. A) Averaged CAPs recorded prior to, during, and 
after (as indicated) a period of stimulation at 200Hz. CAPs 
were recorded from the L5 dorsal root of a non-injected 
control animal in response to supramaximal stimuli delivered 
to the dorsal column at T8. During the period of high 
frequency stimulation, several CAPs appear in the record 
with each sweep. The integral of one CAP from each sweep, 
plotted against the time it was recorded is shown in (B). 
Notice that there is little change in CAP area in response 
to stimulation at 200Hz.
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different fibers can result in phase differences between the 
individual action potentials, such that the positive phase 
of one can become superimposed on the negative phase of 
another. The summation of these opposite potentials results 
in cancellation, reducing the potential difference recorded 
by the electrode. In view of this limitation the records 
obtained in the chronic experiments did not allow a precise 
estimate to be made of the number of fibers conducting at 
any one time. This inability did not seriously hamper the 
interpretation of the recordings since the changes in 
amplitude were so large, but as an additional precaution all 
the chronically implanted animals were also examined in a 
terminal, acute experiment where the more reliable 
monophasic records could be obtained. In monophasic records 
the area of the CAP is proportional to the number of fibers 
conducting, although factors such as electrode resistance 
and the amount of "shunt" tissue present (e.g. connective 
tissue or inactive neural tissue) will still influence the 
absolute amplitude of the CAP recorded.
PHYSIOLOGICAL PROPERTIES OF DEMYELINATED CENTRAL NERVOUS 
SYSTEM AXONS:
Nine animals were examined which had irradiated EBR 
lesions induced 20-35 days previously, and which had large 
areas of demyelinated axons in the dorsal column. In 
general, the records obtained from the particular dorsal 
roots judged to have fibers projecting through these lesions
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were very much reduced in amplitude. Four of the animals 
also had only minor WD rostral to the lesion (establishing 
that the low amplitude was not due to massive degeneration 
at the lesion), therefore conduction block due to 
demyelination was the dominant feature observed. The data 
from these four animals are shown in figure 17.
Although conduction was blocked in most fibers, there 
was a small amount of conduction which persisted through the 
lesion and which exhibited the following properties. First, 
the RPTs of the fibers in all the ipsilateral roots shown in 
figure 17 were substantially prolonged, and an example is 
shown in figure 18A. Second, high frequency stimulation 
resulted in a much greater than normal loss of CAP area in 
all of the ipsilateral roots, and an example is shown in 
figure 18B. Third, in control animals, CAPs recorded from 
various sites on the cord dorsum, with stimulation rostral 
to the lesion, resulted in a gradual decline in the CAP, 
with increasing distance. However, in animals with 
demyelinated lesions, a sharp decrease in conduction was 
observed just rostral to the site of the injection 
(presumably at the rostral margin of the lesion) (fig. 19). 
At the site of the lesion a positive wave (downward 
deflection in records) was observed. Thus, conduction was 
blocked in most fibers passing through a region of 
demyelination, and the conduction that remained exhibited 
pathological properties.
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Figure 17. This illustration shows the lesions and compound 
action potentials recorded from four animals (the top two 
electrophysiological records relate to the same animal).
All the lesions were induced by the intraspinal injection of 
EBR coupled with irradiation, and they were induced (A) 25 
days, (B) 26 days, (C) 29 days, and (D) 22 days previously. 
The drawings show the maximal transverse extent of the 
lesion in each animal, and the regions within the dorsal 
columns shown in outline were characterized by 
demyelination. The approximate location of the fibers 
projecting to the roots from which the records were obtained 
are stippled (from Smith and Bennett 1987). The averaged 
records were obtained from the dorsal roots indicated on the 
right (C=root contralateral to injected side, I=root 
ipsilateral to injected side), in response to supramaximal 
stimuli delivered to the dorsal columns at level T8. In (A) 
the lesion was situated unilaterally, and so the response 
from the contralateral root is shown for comparison. Only 
the projection of the root ipsilateral to the lesion is 
stippled. Note that there is only very little conduction 
through the demyelinated lesions. (Scale bars to the left 
of the dorsal column illustrations = 55um).
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Figure 18. A) Refractory period of transmission plot (above) 
and spectrum (below) recorded from the same root as that 
illustrated in figure 17B. The lesion was induced by the 
intraspinal injection of EBR, coupled with irradiation 26 
days previously. Note that the RPTs are substantially 
prolonged. B) Averaged compound action potentials (above) 
and integrals (below) obtained prior to, during, and after a 
30sec period of stimulation at 200Hz from the same root as 
that illustrated in figure 17C. The lesion was induced by 
the intraspinal injection of EBR, coupled with irradiation 
29 days previously. The compound action potential is 
severely attenuated by stimulation at 200Hz.
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Figure 19. A series of averaged CAPs are shown which were 
recorded from the cord dorsum in response to stimuli 
delivered to the dorsal column at T8. The plots are 
displayed in order, against the conduction distance measured 
from the cathode. The center of the lesion was situated at 
22mm caudal to the cathode. The plots to the left were 
recorded at a lower gain than those to the right and the 
plots at 21, 22, and 23mms are therefore duplicated. 
Responses recorded at 25, 28, and 31mm have been truncated 
to eliminate the large dorsal root reflex in the region of 
the lumbar enlargement. Notice the sharp decrease in the 
amplitude of the negative wave (upward going wave) between 
19 and 21mm. This distance probably represents the rostral 
margin of the lesion. The response at 23mm is predominately 
a positive wave, and a small negative wave is present at 25, 
28, and 31mm.
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Chronically implanted animals also exhibited 
essentially complete conduction block following 
demyelination. Conduction began to return in some fibers 
after 4-5 weeks, at which time the lesion was a mixture of 
demyelinated axons and axons undergoing early Schwannian 
remyelination. This inhomogeneity means that it is not 
possible to determine which type(s) of fiber were 
conducting. However, in view of the recognized failure of 
central axons to regenerate within a central environment, 
the eventual return of conduction does demonstrate that the 
conduction block was the result of primary demyelination, 
and not degeneration.
PHYSIOLOGICAL PROPERTIES OF OLIGODENDROCYTE REMYELINATED 
CENTRAL NERVOUS SYSTEM AXONS:
As was noted above, it was only the smaller lesions 
which tended to become remyelinated purely by 
oligodendrocytes. Since it becomes progressively more 
difficult to ascribe particular conduction properties to the 
lesioned fibers as they decrease in number, it is inevitable 
that the properties of oligodendrocyte remyelinated fibers 
were difficult to determine in this (as in other) studies. 
However, in three of the fourteen lesions showing pure 
oligodendrocyte remyelination the lesion size was 
sufficiently large that conduction deficits would be clear. 
One of these lesions is illustrated in figure 7, and by 
comparing the location of the lesion with the maps of Smith
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and Bennett (1987) it would seem that the lesion included 
most of the fibers from the ipsilateral L4 dorsal root. The 
CAPs recorded from both the normal and ipsilateral L4 dorsal 
roots are shown in figure 20 and it is clear that the CAP 
from the ipsilateral side (fig. 20B) is similar in 
amplitude, latency and form to normal (fig. 20A).
Furthermore, the conducting fibers had RPTs within the 
normal range (see fig. 2OB). The other 2 animals containing 
large oligodendrocyte remyelinated lesions provided similar 
electrophysiological results. Taken together, these 
observations show both that oligodendrocyte remyelinated 
fibers conduct, and that they conduct with high security.
PHYSIOLOGICAL PROPERTIES OF SCHWANNIAN REMYELINATED CENTRAL 
NERVOUS SYSTEM AXONS:
Information on conduction properties of Schwann cell 
remyelinated central fibers was provided by both the acute 
and chronic experiments. Acute experiments provided a 
detailed examination of the lesion at a single time, which 
could then be correlated with the histology of the lesion. 
Chronic experiments provided information on the time course 
of changes in conduction properties. The results of these 
two types of experiments will be presented separately.
Chronic Experiments:
Four of the implanted animals were found to have both a 
suitable dorsal column lesion (i.e. one that included the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 20. Averaged compound action potentials and RPT plots 
recorded from the (A) contralateral and (B, next page) 
ipsilateral L4 dorsal root in an animal with an EBR and 
irradiation lesion induced 180 days previously. The 
particular lesion from which these recordings were obtained 
is illustrated in figure 7, and was characterized by a large 
region of oligodendrocyte remyelination in the ipsilateral 
dorsal column. Despite the presence of this lesion, 
however, the ipsilateral RPT is normal and similar to that 
on the contralateral side.
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afferent fibers from the ipsilateral sciatic nerve, and 
which eventually became remyelinated by Schwann cells), and 
stable control recordings throughout the experiment. 
Recordings taken one hour after the EBR injection were 
similar to pre-lesion recordings (fig. 21), indicating that 
no significant trauma was caused by the injection itself. 
However, one week after injection there was essentially no 
conduction through the lesion, and this block was also 
apparent from the records obtained at two weeks. Conduction 
was restored to many fibers over subsequent weeks, generally 
beginning with a very small, long latency response at 3 
weeks post-injection, which increased in amplitude and 
decreased in latency in subsequent records, reaching a 
plateau at approximately 10 weeks. This maximal response 
persisted until the experiment was terminated, which in one 
animal was not until 24 weeks post-injection.
In addition to the ability to conduct single impulses, 
other measures of function also recovered over time. A 
detailed examination of the results from one animal is 
presented in figure 22. The pattern of changes was 
generally similar in different animals, although minor 
differences in the timing of the return of conduction were 
seen. Although the RPTs were normal prior to lesion 
induction (22A), they were prolonged in those few units 
conducting 22 days later (fig. 22B), and in most of the 
fibers conducting at 35 days. However, at 35 days some
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 21. Series of records obtained over a 4 month period 
from one of the implanted animals. The associated lesion is 
shown in figure 25, 92 days post-induction. Each record 
shows an averaged CAP recorded from the sciatic nerve 
ipsilateral to the lesion. CAPs were recorded in response 
to supramaximal stimulation at either the caudal pair of 
dorsal column electrodes, thus excluding the lesion, or at 
the rostral pair of dorsal column electrodes, including the 
lesion. The records taken excluding the lesion were stable 
throughout the recording period, as were those taken 
"including the lesion" before the lesion was induced (as 
indicated by negative values for days). There was also no 
significant change in the record taken one hour after the 
injection (1/24 day), indicating that no significant damage 
was caused by the injection procedure itself. However, by 8 
days post-injection, conduction in nearly all of the fibers 
was blocked and this block persisted for at least the 
following two weeks. During this period, the fibers were 
either undergoing demyelination or were cleanly 
demyelinated. Between 36 and 81 days post-injection the 
amplitude of the CAP increased, indicating that conduction 
was restored to many of the affected fibers, and this 
restoration coincided with the onset of the period of 
remyelination by Schwann cells. No further increase in the 
CAP occurred at 92 days, and it was at this time that the 
animal was perfused, and the histology shown in figure 25 
was obtained. (Vertical scale bars at left = 8uV for 
recordings excluding the lesion and 1.6uV for recordings 
including the lesion).
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Figure 22. Averaged RPT records obtained from the same nerve 
fibers at the different times indicated. CAPs were recorded 
from electrodes implanted over the sciatic nerve ipsilateral 
to the lesion in response to supramaximal stimuli at the 
rostral implant site. The lesion was induced by a dorsal 
column injection of EBR. Before the lesion was induced the 
RPT (A) was normal. At 7 and 14 days nearly all conduction 
was blocked and these records are not shown. The small 
proportion of fibers which were able to conduct at 22 days 
(B) exhibited prolonged RPTs, however by 35 days (C) some 
fibers with normal RPTs were present. At 57 days post­
injection (D) two long latency peaks which also exhibited 
prolonged RPTs were present. By 71 days most fibers had 
normal RPTs (E), including a group of fibers which, although 
able to conduct the second of two closely spaced impulses, 
exhibited prolonged latencies when the interstimulus 
interval was below 5msec. Fibers with similar 
characteristics were also present at 84 days (F) although 
only at intervals less than 1msec. By 99 days post­
injection (G), RPTs were indistinguishable from normal. All 
recordings are shown to the same scale.
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fibers with normal RPTs were also present (fig. 22C). At 56 
days, several peaks were evident in the response (fig. 22D), 
and it was apparent that those fibers with the shortest 
latency generally exhibited the shortest RPTs. By 71 days, 
the RPT plot included a second, longer latency peak at 
interstimulus intervals below 2.5msec (fig. 22E). At 
intervals longer than 2.5msec, the latency of this peak 
decreased, and it essentially merged with the shorter 
latency peak. Thus some fibers had increased latencies only 
when conducting very closely spaced impulses. Such fibers 
were also present at 84 days (fig. 22F), although only at 
intervals below 1.0msec. By 99 days the RPTs of the fibers 
conducting through the lesion were indistinguishable from 
normal (22G). The ability of the fibers to conduct trains 
of impulses at high frequency recovered following a similar 
pattern to the RPT results described above. Thus after a 
marked deficit in the early stages of repair, the ability 
gradually recovered to near normal. These changes are 
illustrated in figure 23. While nearly all of the fibers 
were able to conduct impulses at 200Hz for 30 seconds before 
the lesion was induced, 14 days after lesion induction (i.e. 
the first recording which included units that had regained 
conduction; fig. 23B), fibers were unable to conduct at
200Hz even at the beginning of the 30 second period. By 3
weeks post injection (fig. 23C) a mixture of fibers
exhibiting pathological and normal responses was seen, and
the response improved over the next several weeks until
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 23. A series of recordings obtained from the same 
chronically implanted preparation prior to, during, and 
after stimulation at 200Hz, at the post-injection times 
shown. Responses were recorded from the implanted sciatic 
electrode ipsilateral to the lesion, in response to 
supramaximal stimulation at the rostral implant site.
Before the lesion was induced the amplitude and form of the 
CAPs were only slightly affected by stimulation at 200Hz, 
however, following injection of EBR, almost all of the 
fibers which were able to conduct at 14 days were unable to 
follow this frequency. There was a gradual improvement in 
conduction until at 147 days post-injection, there was again 
only a slight loss of conduction with high frequency 
stimulation. (Vertical scale bars = 20uV in preinjection 
recordings, and lOuV in all others).
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nearly all of the fibers which had regained conduction were 
able to follow 200Hz for 30 seconds (fig. 23D; 147 days 
post-injection).
Acute Experiments:
The terminal electrophysiological experiments performed 
on implanted animals yielded similar results tc the acute 
experiments, and so both sets of data will be considered 
together.
The maximal CAPs recorded from the L4-5 dorsal roots of 
an implanted animal during a terminal experiment are shown 
in figure 24. This animal was injected with EBR 92 days 
prior to this examination, and had a large, unilateral, 
Schwann cell remyelinated lesion. CAPs were recorded in 
response to supramaximal stimuli delivered via the most 
rostral of the previously implanted dorsal column 
electrodes, and CAPs ipsilateral to, and contralateral to, 
the lesion were similar. A light micrograph of the lesion 
center, as well as an illustration outlining the dorsal 
column and the region of Schwann cell remyelination, are 
shown in figure 25A & B. Figure 25B also illustrates the 
approximate region containing fibers from the L4-5 dorsal 
roots. In another implanted animal examined at a similar 
time post-injection (98 days), RPTs and responses to high 
frequency stimulation, recorded monophasically from the 
sciatic nerve ipsilateral to the lesion are shown in figure 
26 and 27 respectively. This animal had a large unilateral
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 24. Compound action potentials recorded from the 
dorsal roots indicated, during the terminal 
electrophysiological examination of a chronically implanted 
animal, 92 days post-injection with EBR. The lesion is 
shown in figure 25. Records are in response to supramaximal 
stimuli delivered to the rostral implant site. Responses on 
the lesioned side are slightly broader than those from the 
non-lesioned side (indicating a reduced conduction velocity 
in some fibers), but have similar integrals.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 25. A) Light micrograph showing a transverse section 
through the center of a lesion induced 92 days previously by 
the injection of EBR in a chronically implanted animal. The 
entire dorsal columns and adjacent dorsal horn and lateral 
columns are shown. The illustration in (B) shows a drawing 
of the dorsal column from the same preparation. The region 
outlined within the dorsal column represents the region of 
Schwann cell remyelination. The stippled region indicates 
the location of the fibers from the L4-5 dorsal roots at 
this level, from the dorsal column maps of Smith and Bennett 
(1987). (Scale bar = 500um).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 26. A) A series of averaged records illustrating the 
range of RPTs of the conducting fibers, and B) the 
associated RPT spectrum, obtained during a terminal 
electrophysiological recording of a chronically implanted 
animal 98 days post-injection with EBR. The center of the 
lesion in this animal is shown in figure 28. Note that, as 
before, the compound action potentials are in response to 
the second of two supramaximal stimuli, delivered to the 
cord dorsum at Til, at the interstimulus interval shown.
The CAPs were recorded from the sciatic nerve ipsilateral to 
the lesion, after the nerve had been cut distally, crushed 
between recording electrodes, and raised in mineral oil.
The RPT and spectrum are indistinguishable from normal.
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Figure 27. A). Averaged responses obtained prior to, during, 
and after stimulation at 200Hz, from the same animal as 
illustrated in figures 26 and 28. The recording and 
stimulating conditions were as described for figure 26. 
During the high frequency stimulation the CAP (B) shows an 
initial increase in integral, followed by a small decline.
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Schwann cell remyelinated lesion which is shown in figure 
28A. Figure 28B shows an outline of the dorsal column and 
the region remyelinated by Schwann cells. The RPTs are 
essentially normal. CAPs recorded during stimulation at 
200Hz exhibit a small decrease in area (10%) in both animals 
(recording from 92 day animal not shown) however the large 
majority of fibers are able to conduct at this frequency. 
Thus the restoration of conduction demonstrated in the 
recordings over time from the chronic experiments was 
confirmed in terminal electrophysiological examinations of 
the implanted animals. Electrophysiological examination of 
implanted animals in acute experiments at the termination of 
the chronic recordings also confirmed the security of 
conduction as indicated by the normal RPTs, and the ability 
of the fibers to conduct trains of impulses at physiological 
frequencies.
In some animals with long-term lesions, there were 
sometimes pockets of demyelination among the extensive 
regions of remyelination. In these animals conduction was 
characterized by a large number of fibers exhibiting normal 
conduction, with a fewer number exhibiting pathological 
properties. A portion of the lesion from one such animal, 
examined at 252 days post injection, demonstrating 
demyelination is shown in figure 29. This lesion included a 
group of long RPT fibers which were unable to conduct high 
frequency impulses (fig. 30A and B).
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Figure 28. A) Light micrograph showing a transverse section 
through the lesion within the dorsal columns of a 
chronically implanted animal, 98 days after injection of 
EBR. The illustration in (B) shows the boundary of the 
dorsal column, with the region of Schwann cell remyelination 
outlined. (Scale bar = 500um).
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Figure 29. Light micrograph of a portion of the dorsal 
column lesion from an animal examined in an acute experiment 
252 days after injection of EBR. Even with this extended 
repair period, demyelinated axons are present (e.g. arrows). 
Axons remyelinated by either oligodendrocytes or Schwann 
cells are also present. (Scale bar = 40um).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 30. A) A series of averaged CAPs illustrating the 
range of RPTs of the conducting fibers, and the associated 
RPT spectrum, obtained during a terminal
electrophysiological recording from an animal which received 
an injection of EBR 252 days previously. The CAPs were 
recorded from the ipsilateral L4 dorsal root in response to 
supramaximal stimulation of the dorsal column at T8. Notice 
that a group of fibers with slightly longer latencies have 
prolonged RPTs (arrow), and this is reflected in the RPT 
spectrum by an increase in CAP area at interstimulus 
intervals of 2.5, 3, 4, and 5msec. B) A series of averaged 
CAPs recorded before, during and after high frequency 
stimulation (200Hz). Notice the reduction in the longer 
latency peak during high frequency stimulation (arrow) 
demonstrating that these longer latency fibers are also 
unable to conduct trains of impulses. The lower 
illustration shows the integrals of the CAPs, and was 
moderately decreased during high frequency stimulation. CAP 
integral remained reduced during the 3min recovery period. 
Several axons remained demyelinated in this animal, and a 
portion of this lesion is shown in figure 29.
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Two other animals, one examined at 259 days and the 
other at 379 days, had extensive remyelination, with no 
demyelinated fibers in the sections examined. CAPs recorded 
bilaterally from the 259 day lesion are shown in figure 31. 
The RPT and response to high frequency stimulation from this 
animal are shown in figures 32 and 33 respectively. The 
fibers passing through this lesion had conduction properties 
which were indistinguishable from normal. A light 
micrograph of the center of the lesion is shown in figure 
34. In the other animal (379 days) conduction was 
indistinguishable from normal, except for a very small group 
of fibers which had long RPTs (fig. 35A) and an inability to 
conduct trains of impulses (fig. 34B). A light micrograph 
of the center of this lesion is shown in figure 36.
EFFECT OF GALLAMINE TRIETHIODIDE ON CONDUCTION:
The intravenous administration of gallamine 
triethiodide, at least at doses of either lOmg or 20mg, did 
not increase the area of the CAP recorded from dorsal roots 
in response to stimulation rostral to the lesion, in any of 
the lesions in which the potential effects were examined. 
These lesions included demyelinated, Schwann cell 
remyelinated, and oligodendrocyte remyelinated lesions. 
Animals with deroyelinated lesions were also examined before 
and after gallamine administration using cord dorsum 
recordings, but again no effects of the gallamine were 
observed. In some of these animals HRP extravasation was
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Figure 31. A series of averaged CAPs recorded in response to 
supramaximal stimuli delivered to the dorsal columns at T8, 
in an animal 259 days after injection of EBR into the dorsal 
column at T12. The lesion in this animal was found to be a 
large unilateral region of Schwann cell remyelination, and 
it is shown in figure 34 and illustrated in figure 8B. The 
similarity of CAPs contralateral and ipsilateral to the 
lesion demonstrates that the central fibers remyelinated by 
Schwann cells are able to conduct.
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Figure 32. A) A series of averaged records illustrating the 
range of RPTs of the conducting fibers, and (B) the 
associated RPT spectrum, obtained from the L4 dorsal root 
ipsilateral to a large Schwann cell remyelinated lesion, in 
response to supramaximal stimulation of the dorsal column at 
T8. Recordings were made 259 days after the injection of 
EBR into the dorsal column at T12. The RPTs of the 
conducting fibers have similar to normal values, indicating 
that Schwann cell remyelinated central fibers conduct 
securely. The lesion is shown in figure 34 and illustrated 
in figure 8B.
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Figure 33. A). Averaged responses obtained prior to, during, 
and after stimulation at 200Hz, and (B) the integrals of the 
CAPs, from the L4 dorsal root ipsilateral to a large Schwann 
cell remyelinated lesion, in response to supramaximal 
stimulation of the dorsal column at T8. Recordings were 
made 259 days after the injection of EBR into the dorsal 
column at T12. During the period of high frequency 
stimulation the integral of the CAP declines slightly, but 
the majority of the area of the CAP is retained during the 
entire 30sec period of high frequency stimulation. The 
lesion is shown in figure 34 and illustrated in figure 8B.
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Figure 34. Light micrograph of a transverse section through 
the center of a lesion 259 days after injection of EBR. The 
entire dorsal column is shown in addition to portions of the 
adjacent dorsal horn and lateral columns. There is a large 
unilateral lesion in the left dorsal column, with a large 
core of Schwann cell remyelination (S) and a border of 
oligodendrocyte remyelination (arrow). This is a section 
from the lesion illustrated in figure 8B. (Scale bar =
200um).
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Figure 35. A) A series of averaged records illustrating the 
range of RPTs of the conducting fibers, and (B) averaged 
responses obtained prior to, during, and after stimulation 
at 200 Hz. Records were obtained from the L3 dorsal root 
ipsilateral to a large Schwann cell remyelinated lesion, in 
response to supramaximal stimulation of the dorsal column at 
T8. Recordings were made 379 days after the injection of 
EBR into the dorsal column at T12. The conducting fibers 
had RPTs within the normal range, except for those forming a 
very small longer latency "shoulder" on the CAP; these 
fibers exhibited prolonged RPTs and an inability to conduct 
at high frequencies (arrows). The lesion is shown in figure 
36.
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Figure 36. Light micrograph of a transverse section through 
the center of a lesion 379 days after injection of EBR. A 
portion of the dorsal columns, centering on the left side, 
is shown. The lesion involves most of the left dorsal 
column as well as the medial portion of the right dorsal 
column, and consists of a large region of Schwann cell 
remyelination (S) surrounded by border of oligodendrocyte 
remyelination (arrow). (Scale bar = 200um).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 1 4
found in demyelinated and Schwann cell remyelinated regions 
(vide infra), establishing that the gallamine was not 
separated from the central tissue by the BBB. However, 3 of 
the 4 animals exhibiting large regions of oligodendrocyte 
remyelination did not show
extravasated HRP in the remyelinated tissue, and in these 
animals alone it may be that gallamine did not gain access 
to the lesioned fibers.
EFFECT OF 4-AMINOPYRIDINE ON CONDUCTION:
The effect of 4-AP on conduction in demyelinated nerve 
fibers was studied in both acute and chronic experiments 
between 1-5 weeks post injection. In chronically implanted 
animals the administration of 4-AP (1.7mg/Kg, iv.) had no 
effect on either the RPT, or the ability to conduct trains 
of impulses at 200Hz. In acute experiments, 4-AP (2.7mg/Kg) 
had no effect on the responses recorded from dorsal roots in 
response to supramaximal stimulation rostral to the lesion, 
even in animals having numbers of fibers conducting with 
prolonged RPTs. In another animal with a demyelinated 
lesion, administration of 4.2mg/Kg 4-AP did increase 
conduction in response to sub-supramaximal stimulation 
rostral to the lesion, as determined from the area of the 
CAPs recorded from the dorsal roots (fig. 37).
Since the animals examined for the effects of 4-AP were 
paralyzed by the previous injection of gallamine, it was not
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Figure 37. Averaged CAPs obtained from the L5 dorsal root 
ipsilateral to a lesion induced 22 days previously, before 
and after the intravenous administration of 4-AP (4.2mg/Kg). 
The lesion in this animal was induced by the injection of 
EBR at T12, with concomitant irradiation. The pre-4-AP 
response was elicited by a sub-supramaximal stimulus 
delivered at T8, and the CAP recorded after 4-AP 
administration was in response to an equal stimulus. The 
clear increase in the number of conducting fibers in this 
animal was the only effect of 4-AP observed in this study.
It is possible either that the increase in the CAP may 
represent an increase in the number of fibers able to 
conduct or, since the stimulation was sub-supramaximal, that 
it may have arisen from a decrease in the stimulus threshold 
of the fibers. An illustration of the lesion is shown in 
figure 17D.
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possible to determine if the 4-AP resulted in uncoordinated 
muscle contractions. To determine the dose in rats which 
causes such contractions, two normal rats were anesthetized, 
given 4-AP, and observed for the development of spontaneous 
muscle contractions. A first intravenous injection of 
2.1mg/Kg 4-AP produced no muscle activity, but injection of 
a second similar dose 5 minutes later did produce 
uncoordinated eye movements within a minute of injection, 
despite a sufficient depth of anesthesia to abolish the 
corneal reflex. This dose also produced occasional ear 
twitches. A third similar dose delivered 10 minutes after 
the second injection resulted in an increase in eye spasm, 
and a periodic tremor in the forepaws which persisted for 
approximately 2 hours.
EFFECT OF CHANGES IN BODY TEMPERATURE ON CONDUCTION:
The effects of temperature changes on conduction 
through the lesion were examined in a chronically implanted 
animal. Recordings showed that temperature had only minimal 
effects on the amplitude of the CAP in fibers contralateral 
to the lesion, and there was also a minimal effect on the 
small amount of conduction present on the ipsilateral side 
at 3 weeks (fig. 38A). However, at 4 weeks post-injection 
(fig. 38B & C) the response on the lesioned side exhibited a 
marked increase in the size of a late peak in the CAP when 
the animal was cooled. This increase was also seen at 5
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Figure 38. The effect of body temperature on conduction 
through a demyelinated lesion. The CAPs were recorded from 
the sciatic nerves of the same chronically implanted animal 
in response to supramaximal stimulation at the rostral 
stimulating site. Responses were obtained while the animal 
was either cooled (A), or cooled and rewarmed (B,C,D,E,F,G). 
Recordings in (A) and (B) were taken at 22 and 28 days 
respectively, and are presented in ladder plots where the 
rectal temperature is shown in the center of the plot. All 
the other responses were obtained at the times post­
injection indicated, and they have been plotted on the same 
baseline, with each subsequent response shifted to the 
right, to facilitate comparison of the CAP amplitudes.
Rectal temperatures in these plots are shown above the 
records. The records were obtained at 1C intervals,
(reading left to right) as the animal was cooled from 38C to 
33C, and subsequently rewarmed to 38C. There was little 
change in the CAP recorded from the lesioned side with 
alterations in body temperature at 22 days (A), however at 
28 days (B,C) a late peak which exhibited a substantial 
increase with decreasing temperature was present. This peak 
showed considerable temperature sensitivity at 35 days (D), 
but at longer periods post-injection the peak declined (E,F) 
and then disappeared (G). Records from the non-lesioned 
side in (A) and (B) demonstrate the lack of temperature 
sensitivity in normal fibers.
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weeks (fig. 38D), although to a lesser extent. At 6 weeks 
and 7 weeks (fig. 38E & F), only a very small late peak 
exhibited temperature sensitivity. During this period (4-7 
weeks) the lesion likely contained both demyelinated and 
remyelinated fibers. By 17 weeks, a time when practically 
complete remyelination should be present, the response no 
longer exhibited increased temperature sensitivity (fig.
38G). As with the inability to conduct either the second of 
two closely spaced impulses, or trains of impulses (vide 
supra), fibers exhibiting increased temperature sensitivity 
tended to be the fibers having a long latency.
COMPETENCE OF THE BLOOD-BRAIN BARRIER IN SCHWANN CELL 
REMYELINATED REGIONS OF THE CENTRAL NERVOUS SYSTEM:
Nine animals with large areas of Schwann cell 
remyelination in the dorsal column were examined for 
extravasation of HRP. Five of these animals had undergone 
an acute electrophysiological examination prior to the 
injection of the HRP. In eight animals there was clear HRP 
extravasation restricted to the site of the lesion.
Staining of the median eminence, which served as a positive 
control is shown in figure 39A. Figure 39B shows a light 
micrograph of an EBR lesion 84 days post-injection. The 
lesion is characterized by a large unilateral region of 
Schwann cell remyelination, bordered by a thin region of 
oligodendrocyte remyelination. The next adjacent section 
was stained for demonstration of HRP (fig. 40A) and shows a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 39. A) Light micrograph of a coronal section through 
the brain at the level of the median eminence (ME), 
following the iv. administration of HRP. The section has 
been developed for the presence of HRP by reaction with 
phenylenediamine in the presence of hydrogen peroxide. The 
median eminence and adjacent hypothalamic regions, which 
normally lack a BBB, exhibit a dark reaction product 
demonstrating that HRP was extravasated in these areas. 
Several blood vessels containing reaction product can be 
seen in a nearby region of the brain (arrowheads), but the 
lack of reaction product in the tissue adjacent to these 
vessels shows the presence of an intact BBB to HRP in this 
region. B) Light micrograph showing the dorsal column and 
adjacent dorsal horn from an animal which received an 
injection of EBR into the dorsal column 84 days previously. 
The more darkly stained region in the left dorsal column is 
a large, unilateral area of Schwann cell remyelination (S). 
(Scale bars = (A) 1mm; (B) 250um).
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Figure 40. A) Transverse section of a portion of the spinal 
cord at the level of a lesion, showing the dorsal column as 
well as adjacent dorsal horns and a portion of the lateral 
columns. This section is near that shown in figure 39B.
The presence of extravasated HRP is demonstrated by the 
presence of a dark reaction product in the dorsal columns. 
The region of BBB leakiness roughly corresponds to the 
region of Schwann cell remyelination. B) Transverse section 
of the spinal cord adjacent to that in figure 39B, showing 
the dorsal columns and adjacent dorsal horns as well as a 
portion of the left lateral column. The section has been 
processed to demonstrate GFAP immunoreactivity (an astrocyte 
marker), as indicated by a dark reaction product. A 
feltwork of astrocyte processes can be seen adjacent to, but 
not extending into, the region of Schwann cell remyelination 
(S). Several large reactive astrocytes are visible in this 
region (e.g. arrow). (Scale bars = (A) 350um; (B) 250um).
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dark reaction product, indicative of leakage of the tracer 
through the BBB, in a region roughly equal to the area of 
Schwann cell remyelination. An adjacent section processed 
for glial fibrillary acidic protein (GFAP) immunoreactivity 
is shown in fig. 4OB, and it is clear that the Schwann cell 
remyelinated area lacks GFAP positive cells and processes. 
However, the area bordering the lesion contains a feltwork 
of putative astrocytes and astrocyte processes.
Control animals injected with saline three weeks prior 
to determination of BBB function did not exhibit a lesion, 
and no lesion associated HRP leakage was seen (fig. 41A & 
B).
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Figure 41. A) Light micrograph of a transverse section 
through the spinal cord showing the dorsal column and 
adjacent dorsal horns from an animal 3 weeks after the 
intraspinal injection of saline in a volume similar to that 
injected with EBR. Several degenerating axons (arrow) are 
seen near the probable site of needle penetration. No 
lesion can be detected. B) Light micrograph of a transverse 
section of the spinal cord adjacent to that shown in (A) 
stained for demonstration of HRP. Although blood vessels 
throughout the section are stained, there is no extravasated 
HRP. (Scale bars = 300um).
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DISCUSSION
The EBR-induced lesions examined in this study were 
similar in appearance to the descriptions published 
previously (Yajima and Suzuki 1979; Blakemore 1982). The 
special characteristics of this lesion provided a unique 
opportunity to examine the conduction properties of large 
populations of either demyelinated central nerve fibers, or 
of central nerve fibers which have been remyelinated by 
oligodendrocytes, or by Schwann cells. Furthermore, since 
the larger lesions typically lack astrocytes for long 
periods, these lesions have enabled the influence of 
astrocytes on the integrity of the blood brain barrier to be 
assessed.
THEORETICAL CONSIDERATIONS OF CONDUCTION IN REMYELINATED 
FIBERS:
Factors which could act to prevent conduction in 
remyelinated fibers include: 1) changes in the cable 
properties of the fiber; 2) changes in the numbers and types 
of ion channels exposed at the node; and 3) changes in the 
extracellular environment which may be consequent upon 
remyelination. These factors will be examined in turn.
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Changes in Cable Properties;
Changes in the electrical cable properties of 
remyelinated fibers would be expected to result from changes 
in the thickness of the new myelin sheath, and in the length 
of the new internodes. CNS internodes remyelinated by 
oligodendrocytes have unusually thin myelin sheaths 
(Blakemore 1974), and this would be expected to result in a 
greater than normal loss of membrane current from the axon 
per internode. However, this loss must be balanced by the 
fact that such sheaths are also shorter than normal 
(Gledhill and McDonald 1977; Blakemore and Murray 1981), 
which decreases the internodal surface area, and provides 
some compensation for the increased loss of current per unit 
of surface area. These considerations also apply to Schwann 
cell remyelinated central axons, since although the new 
sheaths tend to be thicker than oligodendrocyte remyelinated 
internodes (although still thinner than normal; Blakemore 
1976), Schwannian remyelination results in relatively long 
internodal lengths, which may be approximately the same 
length as normal CNS internodes (Blakemore and Murray 1981). 
Thus while shortened internodes, as occur with 
oligodendrocyte remyelination, may provide some protection 
from increased current loss, the more normal length 
internodes associated with Schwann cell remyelination could 
result in a sufficient quantity of current being lost that 
sufficient depolarization of the next node is prevented.
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Changes_in the Number and Type of Ion Channels:
The shortened length of the internode following 
oligodendrocyte remyelination, as well as the lack of any 
evidence that the original nodal position is maintained 
following Schwann cell remyelination, means that the new 
node will probably be located at a site previously covered 
by myelin. Such internodal axolemma is known normally to 
contain only a low density of sodium channels (Ritchie and 
Rogart 1977; Chiu and Ritchie 1981) when compared with the 
node, and it is unlikely that this low density would be 
sufficient to provide the current necessary to depolarize 
the subsequent node to its firing threshold. Thus an 
increase in the number of nodal sodium channels would likely 
have to occur to allow saltatory conduction to resume. This 
increase could be achieved by either a redistribution of 
existing channels or the synthesis and/or insertion of new 
channels. In addition, the presence of a relatively high 
density of potassium channels in the normal internode (Chiu 
and Ritchie 1980) would mean that, without channel 
redistribution, potassium channels would be exposed at new 
nodes. These channels could provide a source of outward 
rectifying current, decreasing the safety factor by 
decreasing the action potential current. Thus an additional 
requirement for successful conduction following 
remyelination may be a resequestration of potassium channels 
under the new myelin sheath.
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Changes in the Extracellular Environment:
While the normal cellular makeup of the CNS is largely 
unchanged following remyelination by oligodendrocytes, this 
is not true of regions remyelinated by Schwann cells since 
these lack astrocytes (Blakemore 1976). It is now known 
however, that far from simply acting as support cells, 
astrocytes perform a number of important functions in the 
mammalian brain. Astrocytes play a key role in regulating 
the extracellular environment in the CNS, particularly in 
buffering extracellular potassium concentration (Gardner- 
Medwin 1983? Newman 1986) (a role recently ascribed to 
oligodendrocytes as well; Barres et al. 1988); they 
participate in the formation of the central node (Waxman 
1986); and they have been shown to synthesize sodium 
channels (Shrager et al. 1985; Black et al. 1989). 
Significantly, it has been suggested that astrocytes might 
insert these sodium channels into the nodal axolemma (Gray 
and Ritchie 1985). An absence of astrocytes from the lesion 
area could therefore result in conduction block either from 
a decrease in inward current (resulting from a decrease in 
the number of nodal sodium channels), or as a result of 
depolarization of the axon due to increased extracellular 
potassium accumulation. Extracellular potassium 
accumulation would be expected to be most pronounced 
following repetitive firing, and so, on theoretical grounds, 
Schwann cell remyelinated axons may not be capable of 
transmitting the long trains of relatively high frequency
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impulses necessary for normal signalling in the nervous 
system.
CONDUCTION IN SCHWANNIAN REMYELINATED CENTRAL FIBERS:
This study demonstrates, for the first time, that central 
demyelinated nerve fibers remyelinated by Schwann cells are 
not only able to conduct, but that they can conduct almost 
as securely as normal fibers.
Chronic Experiments:
Observations of EBR lesions produced in this laboratory 
indicate that Schwann cell remyelination is complete by 
approximately 12 weeks post-injection, and this time agrees 
favorably with the time after injection that the responses 
recorded from the implanted animals became stable. Although 
the response at this time was always smaller than the 
pre-lesion amplitude, this reduction can be attributed to 
the potential inability of some Schwannian fibers to regain 
the ability to conduct, the persistence of some demyelinated 
axons surrounded by vesicular myelin debris, and/or the 
presence of a small amount of Wallerian degeneration. 
However, the latter two features of the lesion alone are 
certainly sufficient to account for the reduction in 
amplitude seen.
It is clear from an examination of the responses in 
figure 21 that there is a tendency for the latency of the 
response to decrease between the appearance of the first
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conducting fibers, and the stable post-lesion CAP. This 
observation is in agreement with findings in the PNS that 
conduction velocity is low when conduction is first 
restored, but that it progressively increases as 
remyelination proceeds (Smith and Hall 1980). In addition 
to the improvement in the velocity of conduction, there is 
also a clear progressive improvement in the RPT, and this is 
also in agreement with changes seen in response to 
remyelination in the PNS (Smith and Hall 1980), and CNS 
(Smith et al. 1981).
The ability of Schwannian remyelinated fibers to 
conduct trains of impulses at high frequency indicates that 
the fibers should be capable of meeting the demands normally 
placed on fibers working under physiological conditions.
This ability also indicates that accumulation of 
extracellular potassium is not a problem following 
Schwannian remyelination, despite an absence of astroctyes 
in these regions.
Acute Experiments:
Examination of Schwann cell remyelinated central fibers 
in acute experiments, and in the acute recordings which were 
performed after a stable post-lesion response was obtained 
in chronically implanted animals, allowed a more detailed 
examination of the conduction properties of the fibers. In 
addition, a more precise correlation of the conduction 
properties with the morphological appearance of lesions was
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possible in animals examined in acute experiments than those 
in chronic experiments. In general the properties of the 
remyelinated fibers described under the chronic experiments 
were confirmed.
In the study by Smith and Hall (1980), the use of LPC 
in the PNS provided a lesion which was quite sychronized, 
allowing the determination that the first appearance of 
conduction coincided with axons associating with debris-free 
Schwann cells, but preceeding remyelination. Unfortunately, 
lesions in the present study were generally less 
synchronized and did not allow such conclusions to be drawn.
CONDUCTION IN OLIGODENDROCYTE REMYELINATED CENTRAL FIBERS: 
Although previous studies have not been able to determine 
with certainty that oligodendrocyte remyelinated fibers can 
conduct, this conclusion can now be drawn with confidence. 
The evidence for this conclusion is based on two types of 
observations, first, from the examination of lesions which 
were remyelinated purely by oligodendrocytes, and second, 
perhaps surprisingly, from the observation of Schwannian 
remyelinated lesions.
First, comparison of the unilateral lesion shown in 
figure 7 with the maps of Smith and Bennett (1987) shows 
that the lesion must have affected a large percentage of the 
fibers from the ipsilateral L4 root. However, the 
monophasic action potential recorded from the L4 root 
ipsilateral to the lesion has an integral almost identical
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to (98%) that of the contralateral root (see fig. 20), and 
this could only be so if the very large majority of the 
remyelinated fibers are able to conduct single impulses. 
Furthermore, the lack of broadening of the CAP indicates 
that conduction was not substantially slowed over the 
remyelinated region. However, it should be noted that since 
the lesion only occupied a short proportion of the 
conduction pathway, more minor changes in conduction 
velocity at the lesion would have had little impact on the 
CAP. The normal RPT of the fibers in the ipsilateral L4 
root indicates that the oligodendrocyte remyelinated fibers 
could conduct securely.
The second line of evidence that oligodendrocyte 
remyelinated fibers can conduct comes from the restoration 
of conduction exhibited in the Schwann cell remyelinated 
lesions. The region of Schwann cell remyelination in these 
lesions is surrounded by a shell of oligodendrocyte 
remyelination (see figures 8A & 9), and so at the rostral 
and caudal margins of the fibers the action potential must 
be successfully conducted through a region of 
oligodendrocyte remyelination. If oligodendrocyte 
remyelinated fibers were unable to conduct, the impulses 
would not be propagated through the Schwann cell 
remyelinated lesions even if the Schwannian remyelinated 
portion was capable of conduction.
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CONDUCTION IN DEMYELINATED FIBERS:
The fact that only small CAPs were recorded from dorsal 
roots with fibers passing through demyelinated lesions (fig. 
17) indicates that conduction in most of the affected fibers 
was blocked. (The reduced amplitude of the responses can 
not be attributed to extensive degeneration, since only very 
limited degeneration was observed rostral to many of the 
lesions). Such a conduction block could either be 
permanent, or it could be argued that in this study the 
affected fibers had an insufficient time to develop the 
ability to conduct before remyelination was established. 
Against this latter possibility must be weighed the facts 
that conduction was examined in the demyelinated fibers 
between 3 and 5 weeks post lesion, and yet studies of 
conduction in PNS fibers have found that conduction was 
restored to some demyelinated axons in as little as six days 
(Bostock and Sears 1978; Smith and Hall 1980; Smith et al. 
1982a). While the possibility that conduction would be 
restored at a later time remains, the available evidence 
suggests that conduction in most of the demyelinated fibers 
examined in this study is likely permanent. It could be 
argued that the lengths of demyelination in this study were 
too long for conduction to be restored, and that conduction 
may be restored to fibers with shorter lengths of 
demyelination: the maximum proven length of conduction in a 
demyelinated fiber is l-2mm, and this was in a peripheral 
fiber (Bostock and Sears 1978). However against this point
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of view is the observation that once either continuous or 
micro-saltatory conduction have been initiated, the 
conduction usually proceeds the whole length of the 
demyelinated segment. Thus it seems that the length over 
which conduction occurs is not as important as whether 
conduction is initiated in the first instance.
Conduction which did persist through the region of the 
lesion was characterized by prolonged RPTs and an inability 
to conduct long trains of impulses at high frequencies.
These observations are in agreement with previous reports 
describing conduction in fibers believed to pass through 
regions of demyelination (Kaji et al. 1988; McDonald and 
Sears 1970b; McDonald and Sears 1970a), and the properties 
have come to be accepted as the hallmark of demyelinated 
fibers. However, in this, as in the previous studies, it is 
impossible to determine if such fibers represent a 
population of segmentally demyelinated axons or, possibly, 
fibers which were only marginally or indirectly affected, 
perhaps due to their location at the periphery of the 
lesion. Although the demyelination in this lesion is 
overwhelmingly segmental, there may be an, as yet 
unidentified, small percentage of paranodally demyelinated 
fibers.
The conclusion that conduction is blocked in most of 
the central demyelinated fibers examined in this study 
prompts the question of whether central and peripheral 
fibers may have different conduction properties, since
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conduction in peripheral demyelinated fibers has often been 
described (McDonald 1963; Bostock and Sears 1976; 1978;
Smith and Hall 1980; Davis 1972; Rasminsky and Sears 1972;
Bostock et al. 1980; Smith et al. 1982a). However, although
these studies have demonstrated that conduction can occur in 
such fibers, they have not indicated the number of 
demyelinated fibers which conducted, in comparison with the 
number exhibiting conduction block. The phenomenon of 
conduction in peripheral fibers may therefore be as uncommon 
as it has been in this study.
Regions of demyelination characterized by naked axons 
(Prineas and Connell 1978) and astrocyte associated axons
(Ghatak et al. 1989; Raine 1978) have been reported in MS,
and there is good reason to believe that the properties of 
demyelinated fibers may be affected by their type of 
ensheathment. Although it was hoped that our results would 
allow any difference in the conduction properties of these 
types of axons to be determined, the interdigitation of 
areas exhibiting these two morphologies has prevented a 
reliable separation of their electrophysiological 
properties.
EFFECT OF TEMPERATURE ON CONDUCTION THROUGH THE LESION:
Temporary changes in symptom severity with changes in 
body temperature are a well known phenomenon in MS (Simons 
1937), and temperature dependent conduction deficits have 
been described in experimental demyelinating lesions of
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peripheral fibers (Davis and Jacobson 1971; Rasminsky 1973; 
Davis et al. 1975). However, such conduction changes have 
not been reported in experimental central lesions until the 
demonstration in this study. The presence of temperature 
sensitive fibers at 4 weeks (fig. 38) was most likely due to 
the acquisition of conduction in demyelinated fibers. If 
the conduction were the result of remyelination, then the 
temperature effects would have been expected to continue for 
several weeks, and yet they were not demonstrable beyond 8 
weeks post-injection.
It should be noted that, as a part of another protocol, 
a dose of 1.7mg/Kg 4-AP was given 1 hour before the start of 
the temperature series at 2,3, and 4 weeks post-injection. 
4-AP has been shown to increase the duration of the action 
potential in demyelinated PNS fibers by an amount equal to a 
decrease in temperature of approximately 2C, resulting in an 
increase in blocking temperature (Bostock et al. 1981). 
Therefore, 4-AP may have enhanced the response to cooling by 
increasing the blocking temperature in these fibers.
EFFECT OF 4-AMINOPYRIDINE AND GALLAMINE TRIETHIODIDE ON 
CONDUCTION IN DEMYELINATED AXONS:
The present study is the first examination of the 
effect of 4-AP on directly conducted activity through a 
central demyelinating lesion, and it is noteworthy that no 
effect was observed. (The only previous examination of the 
effect of 4-AP on lesioned central fibers (Kaji and Sumner
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1988) examined animals prior to the appearance of 
demyelinated fibers at the lesion). The lack of effect in 
the present study cannot be attributed to a lack of access 
of the drug to the lesion, since 4-AP has been shown to pass 
across the blood brain barrier (Lemeignan e£ al. 1984). Nor 
can the lack of effect be due to the absence of conduction 
in low safety factor fibers, since an increased n u m b e r  of 
fibers was found to conduct upon body cooling. Nor can it 
be attributed to an insufficient dose, since the dose used 
was higher than those reported to have a positive effect on 
the symptoms of MS patients (Jones e£ al* 1983; Stefoski et 
al. 1987). It is possible therefore that the positive 
effects on the symptoms in MS following 4-AP administration 
may be the result not of an improvement in conduction 
through the demyelinating lesion, but rather due to the well 
documented effects of the drug on release of synaptic 
transmitters (Vizi et al. 1977; Dolezal and Tucek 1983; 
Foldes et al. 1988).
In acutely prepared animals only a very small increase 
in the number of fibers conducting was ever detected (fig. 
37), and this was after the administration of a dose of 4-AP 
above the convulsive threshold. It should be noted that the 
effect observed was in response to only a sub-supramaximal 
stimulus, and so it is possible that the observed increase 
in the number of conducting fibers was due to a decrease in 
stimulus threshold rather than to an increase in the number 
of fibers able to conduct through the lesion.
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It should also be noted that this study examined the 
effect of 4-AP on conduction in sensory afferents, and it 
has been demonstrated that 4-AP has a differential effect on 
demyelinated sensory and motor fibers in the PNS (Bowe et 
al. 1987): demyelinated peripheral sensory fibers respond to 
4-AP by producing multiple discharges in response to single 
stimuli. There is also evidence to suggest that central 
projections of sensory fibers respond similarly (Kocsis 
1985), thus multiple, asynchronous discharges may well have 
occurred in the present study but were eliminated due to 
averaging. Therefore it is possible that true restoration 
of conduction to demyelinated fibers could occur in other 
demyelinated central tracts.
As well as a lack of effect of 4-AP in restoring 
conduction to demyelinated fibers, we were also unable to 
demonstrate any effect on conduction of the iv. injection of 
gallamine. Although gallamine is not permeable across the 
blood brain barrier (Dal Santo 1972) this result cannot be 
due to a lack of access of the drug to the lesion since 
examination of the lesions has shown that the BBB is 
disrupted, as demonstrated by leakage of the protein tracer 
HRP. It is, however, possible that an insufficient dose of 
gallamine reached the lesion, since doses of 10-20mg were 
frequently used in this study producing (according to the 
calculations of Smith and Schauf 1981b) a minimum effective 
concentration of approximately 170uM, although the maximum 
dose used was as high as 460uM. In the study of Smith and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4 0
Schauf (1981b), lOmM gallamine resulted in only a 50% 
decrease in potassium conductance in acutely demyelinated 
fibers, although the authors considered that this relative 
lack of potency of the drug may have represented restricted 
access of the drug to the acutely demyelinated fibers. In 
those normal fibers which exhibited a small potassium 
conductance, ImM gallamine was found to result in a 67% 
decrease in conductance.
The doses used in this study were sufficient to produce 
profound neuromuscular block and of course any potential use 
of gallamine to promote conduction would have to occur at 
substantially lower doses. The lack of an effect on 
conduction in demyelinated fibers in this study therefore 
indicates that gallamine has no use in the symptomatic 
treatment of MS patients.
THE BLOOD-BRAIN BARRIER IN CENTRAL NERVOUS SYSTEM REGIONS 
REMYELINATED BY SCHWANN CELLS:
The most likely reason for the lack of a BBB to HRP in 
regions of the CNS remyelinated by Schwann cells, is the 
absence of astrocytes. Janzer and Raff (1987) examined 
aggregates of injected astrocytes in the anterior chamber of 
the rat eye and found that the newly formed vessels 
possessed a BBB. In addition, coculturing brain endothelial 
cells with astrocytes or glial tumor cells restored 
morphological (extensive tight junctions) and physiological 
(polarization of a membrane-bound enzyme) barrier
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characteristics (Tao-Cheng gt al. 1987; Beck e£ ai. 1986; 
Beck et al. 1984). Thus glial cells, especially astrocytes, 
are likely to play a key role in the establishment of 
barrier characteristics. However, it is certainly possible 
that other, unknown factors in the lesion, are in some 
measure responsible fcr the lack of a BBB.
The location of the lesion may also be critical in 
determining the state of the barrier. Experiments examining 
the BBB in grafts of fetal CNS into adult animals have 
indicated that the tissue adjacent to the graft may be 
important in determining barrier function. When grafts are 
placed near brain structures with leaky capillaries, such as 
the median eminence or the dura mater, the likelihood that 
the grafted tissue will not exhibit a competent barrier 
increases (Rosenstein 1987; Rosenstein and Phillips 1988).
In the present study large lesions were chosen which 
invariably extended to the pial surface, and thus were near 
leaky vessels in the dura mater. Indeed, this was also true 
in the one Schwann cell remyelinated lesion which did not 
exhibit HRP extravasation. The possibility exists, however, 
that a barrier may develop in Schwann cell remyelinated 
regions within the CNS if these areas are not located 
adjacent to areas with normally leaky vessels.
The lack of a BBB seen in some grafts of neonatal CNS 
tissue has also been ascribed to acute rupture of vessels 
within the grafts during perfusion. It has been postulated 
that the vasculature of the graft is more sensitive to
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damage due to Increased pressure (Balin al. 1986; 1987), 
and it is indeed possible that vessels within the Schwann 
cell remyelinated regions are also more pressure sensitive. 
In the present study, however, gravity fed perfusion at a 
pressure head of approximately lOOmmHg was utilized, since 
this pressure is at the approximate midpoint of the range of 
normal systolic pressures in adult rats (Friedman and Freed 
1949), it is unlikely that it resulted in vessel damage. It 
could also be argued that the injection of the antihistamine 
solution and HRP solutions produced hypervolemic 
hypertension, leading to damage of vessels in the Schwann 
cell remyelinated regions. This also is unlikely. Nagy et 
al. (1979) injected greater volumes, over a shorter time 
period (5.04ml in 27sec versus 1ml over approximately 3min 
followed 5 minutes later by 1.5ml over approximately 4min in 
the present study) in smaller rats (280-320g versus 380-500g 
for the present study) and reported an average systolic 
pressure of 120mmHg, well within the reported range of 
normal values for the rat (Friedman and Freed 1949). Thus 
it is likely that any increase in systolic pressure in our 
animals was slight, and remained within normal limits.
The model lesion examined in this study also allowed an 
investigation of the relationship of Schwann cells to the 
establishment of the barrier found in most regions of the 
PNS, the blood-nerve barrier (BNB). Like the BBB, the BNB 
segregates many blood-borne solutes from peripheral nervous 
tissue, however the BNB is generally not as exclusive as the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4 3
BBB (Bradbury and Crowder 1976). HRP is, however, excluded 
by the normal BNB (Olsson and Reese 1971). While a major 
component of the BNB lies at the level of the tight 
junctions between endoneurial capillaries (Olsson and Reese 
1971), it is not currently known if this is an inherent 
property of these vessels, or, as in the CNS, if factors in 
the nerve tissue induce the acquisition of a tight 
endothelium. Evidence from this study would argue against 
Schwann cells acting to induce the BNB, due to the lack of 
HRP exclusion in regions of the CNS remyelinated by these 
cells.
The lack of a BBB in regions of the CNS remyelinated by 
Schwann cells may affect their usefulness as a therapy in 
demyelinating disorders. The BBB has been shown to be 
defective in many MS lesions (Broman 1947; 1964; Harding et 
al. 1978; Grossman et al. 1988; Kermode e£ al. 1988; Miller 
et al. 1988) and it has been proposed that this may be an 
important element in the pathogenesis of the disease 
(Tourtellotte and Ma 1978). In addition, areas of 
remyelination by oligodendrocytes in MS have been shown to 
be a target for subsequent attack in this disorder (Prineas 
et al. 1987b). Thus demyelinated regions of the CNS 
remyelinated by Schwann cells may need a competent barrier 
in order to prevent immune attack. In the present study 
Schwann cell remyelinated dorsal column lesions have been 
observed for up to 379 days post-injection without evidence 
of subsequent demyelination. However it is quite possible
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that subsequent demyelination of Schwannian remyelinated 
central lesions could occur in the presence of on-going 
immune-mediated demyelinating disease.
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CONCLUSIONS
1. Central demyelinated nerve fibers repaired by Schwannian 
remyelination are able to conduct.
2. Schwann cell remyelinated central nerve fibers are able 
faithfully to conduct trains of impulses at physiological 
frequencies.
3. Central fibers remyelinated by oligodendrocytes are able 
to conduct, and to conduct trains of impulses at 
physiological frequencies.
4. The dominant feature of demyelinated central nerve fibers 
in this model is conduction block.
5. Conduction can be restored to central demyelinated fibers 
by a reduction in temperature.
6. Potassium channel blocking agents are ineffective in 
restoring conduction in fibers demyelinated using ethidium 
bromide.
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7. Central demyelination resulting from ethidium bromide 
injection is accompanied by a breakdown in the blood-brain 
barrier. Schwann cell remyelination of this lesion is 
ineffective in restoring either a blood-brain barrier or a 
blood-nerve barrier.
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